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Executive Summary
Ireland has significant quantities of livestock; meat exportation is a vibrant sector of
the economy. Environmental management of animal wastes has therefore become an
important concern. On the other hand in the last decade, national and EU policy debate has
highlighted the need to investigate alternative energy: in particular energy for transport.
This study investigates the quantities of animal wastes produced in Ireland and their
potential treatment using Anaerobic Digestion technologies. In 2005 Ireland had over 8
millions animals (cattle and pigs) and the annual slaughter accounted for over 4.2 million of
these creatures. These animals have been responsible for the production of about 86 million
tons of excreta per annum, whereas the abattoir industiy produced more than 750,000 tons
of carcasses per annum.
These wastes can be employed as feedstock in Anaerobic Digestion processes and
provide biogas which can be upgraded to methane and used as transport fuel. From 1 ton of
cattle slurry it is possible to produce about 21 Nm^ of biogas whereas from 1 ton of pig
slurry it is possible to produce about 24 Nnv of biogas. Carcasses have a higher energy
potential with a specific biogas yield of about 168 Nm^ of biogas per ton of waste.
A Decision Support Software for assessment of biogas production from animal
wastes has been produced. It contains:
1. A geographical database of livestock and abattoir throughout Ireland;
2. An Energy potential model to estimate the biogas production from a specific
number of animals (input of the model);
3. An economic model to evaluate costs and incomes associated to Biogas plants;
4. A location model to identify valuable areas for biogas projects development.
With the highest number of livestock (1,319,874) matched with the highest number
or slaughterhouses (5 IPPC licensed abattoir and 60 local abattoir), Cork County appears to
be the area with most potential for biogas developments. Other counties which exhibit great
potential include: Cavan, Tipperary, Galway and Mayo. These counties all have high
livestock numbers and a significant presence of slaughterhouses.

IV

Table of Contents

Table of Contents
Acknowledgements

II

Executive Summaiy

iv

Table of Contents

vi

Abbreviations

xiv

Chapter 1 - Introduction
1.1 Aims and Objectives
1.2 Introduction to the Research Topic
1.3 Outcome and Result of the Research
1A Contents of the Research

Chapter 2 - Legislation and Policy Context

6

2.1 Introduction: Contents and Aims of the Chapter

7

2.2 The EC Nitrates Directive 91/676/EEC

8

2.3 National Action Programme

8

2.4 The Animal By-Products Regulations

11

2.5 Integrated Pollution Prevention and Control (IPPC) Licensing

12

2.6 Kyoto Protocol and Environmental Policy

13

2.7 The Renewable Energy Strategy

14

2.8 The Biofuels Directive and Transportation

15

Chapter 3 - The Feedstock

17

3.1 Introduction: Contents and Aims of the Chapter

18

3.2 Feedstock for Anaerobic Digestion

19

3.3 Agricultural Wastes Suitable for Anaerobic Digestion

19

3.4 Assessment of Feedstocks

20

VI

3.5 Slaughterhouse By-Products

21

3.6 Biogas Yield

21

3.7 Substrate Composition and Biodegradability

22

3.8 Disturbing and Inhibitory Components

24

Chapter 4 - The Anaerobic Digestion Process

27

4.1 Introduction: Contents and Aims of the Chapter

28

4.2 Anaerobic Digestion: Basic Concepts

29

4.3 The Biological Process

29

4.3.1 Process Overview

29

4.3.2 Hydrolysis

31

4.3.3 Aeidogenesis

31

4.3.4 Aeetogenesis

31

4.3.5 Methanogenesis

32

4.3.6 Final Considerations

32

4.4 Parameters of AD Process

33

4.4.1 Introduction

33

4.4.2 pH

33

4.4.3 Temperature

34

4.4.4 Carbon / Nitrogen Ratio and Ammonia

35

4.4.5 Retention Time (RT)

36

4.4.6 Hydraulic Retention Time and Solids Retention Time

36

4.4.7 Organic Loading Rate

38

4.4.8 Mixing

38

4.4.9 Feedstock Characteristics

39

4.5 Material Balance

39

4.6 Process Engineering of AD

40

4.6.1 General Considerations on Process Engineering of AD

40

4.6.2 Dry Matter Content

40

4.6.3 Number of Stages

41

4.6.4 Hvdraulic Flow

42

vn

4.6.5 Orientation

43

4.6.6 Mechanical Devices and Mixing

43

4.6.7 Linked Treatments

44

4.6.8 Process Operational Temperature

45

4.7 Advantages and Benefits of AD

46

Chapter 5 - Technical, Economical and Environmental
Analysis of AD Plants

48

5.1 Introduction: Contents and Aims of the Chapter

49

5.2 Feedstock Management

50

5.2.1 Housing and Bedding System

50

5.2.2 Manure Collection and Storing

50

5.2.3 Feedstock Transport

51

5.2.4 Pre- l reatments

51

5.3 Anaerobic Digestion Plants Design

52

5.4 Benefits from Implementing Co-Digestion

52

5.5 AD Products: Flows and Balances

53

5.6 AD Products: Biogas

54

5.6.1 Main Characteristics of Biogas

54

5.6.2 Use of Biogas for Heat and Electricity Production

54

5.6.3 Vehicle Fuel and Natural Gas Production

55

5.6.4 The Use of Biogas as Biofuel

56

5.6.5 Production and Consumption Estimates

56

5.7 AD Products: Digestate

57

5.7.1 Fibre

57

5.7.2 Liquor

58

5.8 Environmental Issues Related to Anaerobic Digestion Plants

59

5.8.1 Visual Impact

59

5.8.2 Water and Ground Pollution

59

5.8.3 Traftlc, Noise, Odours

59

5.8.4 Environmental Pollution from Manure and AD Plants Activities

60

Vlll

5.8.5 Green House Gases Emissions Mitigation from Digested Manure

61

5.8.6 Air Emissions Analysis

62

5.9 Elealth Issues and Contamination Risk

64

5.10 Socio-Economic Analysis

65

5.10.1 Eeonomie Assessment of AD Industrial Projects

65

5.10.2 Main AD Financial Costs

66

5.10.3 Main Incomes of AD Plants

67

5.10.4 Externalities

68

5.11 Final Considerations Regarding Benefits from AD Technology

69

Chapter 6 - Database of Livestock and Slaughterhouses in Ireland
73
6.1 Introduction: Contents and Aimsof the Chapter

74

6.2 The Database

75

6.3 The Livestock Database

75

6.3.1 Introduction

75

6.3.2 Livestock National Numbers

75

6.3.3 County Distribution Livestock

77

6.3.4 Cattle County Data CENSUS2000

77

6.3.5 Detailed Data CENSUS2000

78

6.3.6 County Data 2005

79

6.3.7 Corrective Factors Algorithm

79

6.3.8 Projection Data 2005

81

6.3.9 Pigs County Data 2000

81

6.3.10 Pigs Corrective f actors

81

6.3.11 Pigs County Data 2005

82

6.3.12 Pig bearing Licensed Farms

83

6.3.13 Production Factors

85

6.4. The Abattoir Database

87

6.4.1 Introduction

87

6.4.2 National Slaughterinii Data

87

IX

6.4.3 Local Abattoirs

88

6.4.4 Beef Kill

88

6.4.5 IPPC Licensed Abattoir

89

6.4.6 Calculation for Wastes Data

90

Chapter 7 - Potential Analysis for Energy Produetion from Animal
Waste in Ireland

94

7.1 Introduction: Contents and Aims of the Chapter

95

7.2 The Theoretical Approach to the Model Calculations

96

7.3 The Algorithm Approach to the Model

97

7.3.1 Introduction

97

7.3.2 Potential Analysis Model

97

7.3.3 Model Algorithm

99

7.3.4 Step 1 - Number of Animals

100

7.3.5 Step 2 - Availability

100

7.3.6 Step 3 - Corrective Factor

103

7.3.7 Step 4 - Slurry Production

103

7.3.8 Step 5 - Total Excreta Processed

103

7.3.9 Step 6 - Total Solids

104

7.3.10 Step 7 - Volatile Solids

105

7.3.11 Step 8 - Biogas Production

105

7.3.12 Step 9 - Methane Production

106

7.3.13 Potential Production Estimations

106

7.3.14 Step 1 - Slaughtered Animals

107

7.3.15 Step 2 - Carcass Weight

107

7.3.16 Step 3 - Carcasses Produced

107

7.3.17 Step 4 - Specific Production

108

7.3.18 Step 5 - Methane Production

108

7.3.19 Potential Production Estimations from Carcasses

109

Chapter 8 - Economic Model

111

8.1 Introduction: Contents and Aims of the Chapter

112

8.2 Excel Software

113

8.2.1 Model Algorithm

113

8.2.2 Costs Data

113

8.2.3 Capital Costs Equation

114

8.2.4 Running Costs Equation

115

8.2.5 Comparison Between the Two Equations

116

8.2.6 Costs Estimation

117

8.2.7 Gas Production Equation

117

8.2.8 Upgrading Costs

119

8.2.9 Incomes

120

8.2.10 Gate Fees

122

8.2.11 Financial Grants

123

8.2.12 Monetary Cash Flow

124

8.2.13 Monetary Net Present Value

125

8.2.14 E.xternalities

126

8.2.15 Global l^roject Value

127

Chapter 9 - Site Selection

129

9.1 Introduction: Contents and Aims of the Chapter

130

9.2 General Considerations on Plant Location

131

9.3 Introduction to Location Modelling

132

9.4 Theory Concepts about Spatial Models

133

9.5 Hierarchic Process in Selecting Constraints/Opportunities

135

9.6 Anaerobic Digestion Plant Localisation in Ireland

136

9.6.1 Constraints

136

9.6.2 Opportunities: Livestock Density

139

9.6.3 Opportunities: Slaughterhouses Density

142

9.7 Final considerations

143

Chapter 10 - Conclusions

145
XI

10.1 Conclusions and Recommendations

146

10.2 Model application - Cork

146

References

160

Appendix A

173

The Potential for Pig Sluny to Power Trains in Ireland

174

Appendix B

180

Anaerobic Digestion in Ireland: Decision Support System

181

XI1

Abbreviations

Xlll

Abbreviations
ABP

Animal By-Products

AD

Anaerobic Digestion

BOD

Biological Oxygen Demand

C/N

Carbon / Nitrogen

C:N:P Ratio Carbon - Nitrogen - Phosphorus
CAD Co-Digestion Plant
CUP

Combined Heat and Power production

COD Chemical Oxygen Demand
CSO

Central Statistics Office

A

Delta (A ab = b-a)

DAF

Department of Agriculture and Food

DED

District Electoral Division

[)SS

Decision Support System (= Decision Support Software)

EC

European Commission

EPA

Environmental Protection Agency

EU

European Union

GHG Green House Gas
GWP Global Warming Potential
HR!'

Hydraulic Retention Time

IPPC

Integrated Pollution Prevention and Control

EC FA Eong Chain f atty Acids
NAP

National Action Programme

ND

Nitrates Directive

NPV

Net Present Value

Nm^

Normal Cubic Meters (=Nmc)

OFMSW
OER

Organic ITaction of Municipal Solid Wastes

Organic Loading Rate

R&D Research and Development
RT

Retention Time

SRVI

Specific Risk Material

SRT

Sc'>lid Retention Time

XIV

T

Temperature

TS

Total Solids

VFA

Volatile Fatty Acids

VS

Volatile Solids

XV

Chapter 1
Introduction

Chapter 1 - Introduction

1.1 Aims and Objectives
The aims of this study are:
I. To investigate the quantities of animal wastes produced in Ireland.
II. To investigate the potential treatment of these wastes using Anaerobic Digestion
Technologies
fhe objectives of this study are:
I. To produce a Decision Support Software that includes for a geographical specific
database of animal wastes and a methodology for assessment of biogas production
from these wastes.
II. Highlight areas in Ireland where there is strong potential for Anaerobic Digestion
technologies.

1.2 Introduction to the Research Topic
Ireland has significant quantities of livestock; meat exportation is a vibrant sector of
the economy. Environmental management of animal wastes has therefore become an
important concern. On the other hand in the last decade, national and EU policy debate has
highlighted the need to investigate alternative energy: in particular energy for transport.
This research embraces both topics, formulating a strategy for a sound
environmental management of animal wastes, and a viable and profitable proposal for
generating green energy which can be implemented in the transport sector.
Anaerobic Digestion (AD) is a technology already used in other countries which
treats animal wastes (excrements and carcasses). This biochemical process transfonns the
feedstock to biogas, which may be cleaned to 97% methane, compressed and used as a
transport biofuel. The specitlc aim of the research carried out is the development of a
Decision Support System (DSS) for examining economic and technical aspects of proposed

AD plants in Ireland. In the following sections the main output of the research carried out
and a brief overview of contents are presented.

13 Outcome and Result of the Research
fhe main outcome of the study is a Decision Support System. The software
attached is developed in E.xcel suite and comprises four parts:
a. A national database composed of:
i. National Database of livestock in Ireland;
ii. National Database of abattoirs in Ireland;
b. An energy model which allows estimation of the potential production of biogas
from a certain number of animals(input of the model );
c. An economic model which allows estimation of the costs and the profits generated
by AD plant;
d. A location model in which the in which the areas in Ireland with greatest potential
for AD are highlighted, according to a specific set of opportunities and constraints.

1.4 Contents of the Research
After the overview contained in this chapter 1, the second chapter focuses on policy.
In particular the following milestones are discussed:
I. EC Nitrate Directive and National Action Programme,
II. Animal by-products regulations,
III. IPPC licensing system.
They are all linked to the National development of the agriculture sector. The
following issues are also mentioned:
IV. Kyoto protocol,
V. Renewable Energy National Strategy,
VI. Biofuels Directive
1'hese points depict the starting point for this research and point out its significance.

Chapter 3 is dedicated to the feedstock, namely excrements and carcasses. An
overview of their biochemical characteristics and potential biogas yield is given.
Chapter 4 focuses on the AD process; it contains a process ovewiew and highlights
the most important parameters (pH, temperature, C/N ratio, ammonia content, retention
time, mixing...). AD process engineering is discussed (material balance, matter content,
process configuration and number of stages, hydraulic flow, tank orientation, mechanical
devices, operational temperature). Finally a brief overview of AD benefits is listed.
Chapter 5 assesses technical, economic and environmental aspects of AD plants.
The technical analysis describes all the variables affecting biogas production following an
ideal path from the slurry production to the feedstock input in the AD digester: housing and
bedding system, manure collecting and storing, feedstock transport, pre-treatments.
Technical aspects regarding the feedstock composition and plant design, material and
energy flow and balances are discussed. An extensive analysis of AD products follows:
dealing with the gas phase (biogas) but also fibre and liquor.
The environmental analysis of AD plants firstly focuses on important impact issues
(visual impact, water and ground pollution, traffic, noise and odours, pollutant emission
and greenhouse gas emissions mitigation, health issues and contamination risk).
I'he Socio-Economic analysis shows the main financial costs and incomes linked to
an AD investment, without neglecting a specific analysis of environmental externalities.
Chapter 6 begins the second part of this research which contains a detailed guide to
the software developed. This section describes the two databases generated: Irish livestock
(cattle and pigs) and slaughterhouses.
Chapter 7 explains the energy model: it allows estimations of methane and biogas
production from a certain number of animals or quantity of carcasses (input data).
Chapter 8 guides the user through the economic model. All the mayor financial
costs and incomes are estimated and the Monetary NPV (Net Present Value) is caleulated.
The estimation of the Global Project Value internalises some environmental externalities.
Chapter 9 contains the last component of the Decision Support Software (DSS) and
represents at the same time the main result of the research: a site seleetion model identifies

areas with strong potential tor AD. Hiis result is shown by using different maps in which
those areas are pointed out and fulfils the primary research aim.
Chapter 10 outlines the conclusions and recommendations.

Chapter 2
Legislation and
Policy Context

Chapter 2 - Legislation and Policy Context

2.1 Introduction: Contents and Aims of the Chapter
The policy background is of basic importance for the renewable energy sector. In
this case the starting point for new laws and directives is mostly the European Union. In the
following an overview of the main related Directives and national schemes is presented.
A first one is the Nitrates Directive (ND) and the related National Action Plan
developed to implement it. The ND concerns the pollution caused by nitrates from
agricultural sources.
fhe other important agricultural feedstocks for anaerobic digestion are meat, bones
and other materials obtained from slaughtered animals. The Animal By-Products (ABP)
Regulation is examined for this purpose.
The Integrated Pollution Prevention and Control (IPPC) licensing system indicates
compulsory requirement for companies dealing with slaughtering and exporting meat.
Regarding the policies related to economic and environmental development, some
important milestones of the EU debate are pointed out. All of them are related to the use of
agricultural wastes as potential forms of energy and as potential substitutes of petrol in
modern transport systems:
E

fhe Kyoto Protocol,

E The Renewable Energy strategy,
r

fhe Biofuels Directive.
The aims of this chapter are:
fo show the policy path related to this research topic,
To give an overall view of the legal framework,
do indicate potential opportunities and constraints deriving from policy and
juridical context,
^ To underline the interconnections of the subject with different socio economic themes like environment, agriculture, energy and transport
systems.

2.2 The EC Nitrates Directive 91/676/EEC
The Nitrates Directive (ND) (91/676/EEC) regards the protection of waters against
pollution caused by nitrates from agricultural sources. It was adopted in 1991 and formally
translated into Irish national law by the Minister for the Environment, Heritage and Local
Government on the 29*'^ of May 2003. It has the objective of reducing water pollution
caused by nitrates from agricultural sources [1].
The ND determines waters which are liable to pollution. Surface freshwaters,
ground-waters and natural freshwater lakes are all potentially polluted by high levels of
nutrients (nitrogen or phosphorus compounds) which cause accelerated growth of algae
(eutrophication), which in turn provide an ecological alteration of the ecosystem [2].
Agriculture is the largest source of nutrient input to Irish waters even if their quality
is generally good in a European context [2J. The third report of the Environmental
Protection Agency (EPA) on the state of the environment (Ireland’s Environment 2004)
confirms that agriculture is responsible for a significant proportion of Irish water pollution
and shows that some 30.8% of river length is affected by pollution to some extent.
fherefore the ND requires monitoring of waters liable to be damaged by nitrates
from agriculture and to develop suitable good agricultural practices to protect them.
Each Member State has to implement an ‘'Action Programme” which has to include
rules about periods when land application of certain types of fertilizer is prohibited and
limitations on the land application of fertilizers (due to reasons such as soil type, climatic
conditions, and geomorphologic conditions) fl J.
These requirements are related to livestock manure management because they are
mostly spread as fertilizers. The ND fixes the maximum amount of livestock manure which
may be applied: it can contain 170 kg of nitrogen per ha/y. The ND requires the farmers to
store all the manure produced in their farm (until land application is possible) and so to
provide storage vessels for this puipose [3].

2.3 National Action Programme

rhe National Action Programme (NAP) is developed to implement the ND. It aims
to reduce water pollution/eutrophication caused or induced by nitrates and phosphates from
agricultural sources and to prevent further such pollution/eutrophication [IJ. To identify the
specific ND requirements regarding manure spreading, the whole Irish territory has been
divided into three zones (groups of counties) according to soil type and conditions, rainfall
and other climatic conditions. The zones are as follows (Fig. 1, ne.xt page):
o

Zone A comprises the counties of Carlow, Cork, Dublin, Kildare, Kilkenny, Laois,
Offaly, Tipperary, Waterford, Wexford and Wicklow,

o Zone B comprises the counties of Clare, Galw'ay, Keny, Limerick, Longford,
Louth, Mayo, Meath, Roscommon, Sligo and Westmeath,
o Zone C comprises the counties of Cavan, Donegal, Leitrim, and Monaghan.
fhe periods during which the application to land of certain types of fertiliser is
prohibited (both dates inclusive) are as outlined in Table 2.1:
Zones

Chemical fertiliser

1

Organic Fertiliser

i

All organic tnrtiUsers

1

excluding farmyard manure

Grassland and other land
A

15 Sept, to 12 Jan.

B

15 Sept, to 15 Jan.

C

^ 15 Sept, to 31 Jan.

Farmyard manure

All land
15 Oct. to 12 Jan.
; 15 Oct. to 15 Jan. (1)
1

15 Oct. to 31 Jan.

1 Nov. to 12 Jan.
1 Nov. to 15 Jan.
1 Nov. to 31 Jan.

(1) = An end date of 25 January will apply in Zone B to holdings joining REPS and extensive holdings
availing of the reduced storage capacity requirements (in accordance with NAP)

Table 2.1 - Prohibited periods of land application for fertilisers and manure
When spreading is not possible fanners have to store all the manure produced
during that period in a suitable vessel. The required storage capacity is as follows [1]:
o

16 weeks in Zones A

o

18 weeks in Zone B, and

o 20 or 22 weeks in Zone C.

Zone C gives different values according to the water quality and the agricultural
production intensity: 20 weeks applies to cp^nties Donegal and Leitrim, whereas 22 weeks
is applied to counties Cavan and.
f igure 1 - Mi

Storage Capacity in Ireland [1]

16 weeks

D

Zone C

For various kinds of livestock there are different values: 6 weeks (in the whole Irish
territory) for sheep, goats and deer, 26 weeks for pigs, bovine and poultry units, but if the
number of pigs is 100 or less, the previous values are applied (16, 18, or 20 / 22 weeks).
The same applies to poultry if the unit doesn’t exceed 2,000 animals (see table 2.2).

i.ivestock

Storage required (Weeks)

Sheep, goats, deer

10

< 100 pigs or < 2000 poultry
Pigs, poultry, bovine

I

16-22 (according to figure 1)
26 weeks

1 able 2.2 - Storage requirements for livestock manure/slurry in Ireland
1 he regulations require that the storage capacity for bovine and pig units have to be
built by the end of 2006, and by the end of the 2008 for all other livestock. Some
exceptions are allowed for cases in which the amount of potentially spread nitrogen does
not exceed a fixed value depending on the livestock and other local conditions. It is also
stated that farmers having access to an approved manure treatment facility can avoid
building any vessel or other storage system.
The three competent authorities for the management of the NAP are the Department
of Agriculture and Food (DAF), the relevant local authorities and the Environmental
Protection Agency (EPA) [IJ.

2.4 The Animal By-Products Regulations
Animal by-products (ABP) are defined as “entire bodies or parts of animals or
products of animal origin, not intended for human consumption” [4]. fhe European
Regulation (EC) No 1774/2002, transposed into Irish law during 2003, clarifies the rules
governing ABP that may be used as part of the feed for farmed and pet animals. The
regulation divides animal by-products into three categories, as outlined below.
Category 1 (Cl) contains those materials with the highest risk for public health,
animals, or the environment, as for instance animals slaughtered in the context of a specific
disease eradication measure and specified risk material (SRM), including dead, ruminant
animals [5 |.
Category 2 (C2) contains all animal by-products which can be allocated neither to
Category 1 nor to Category 3. They may be processed in a biogas plant only after
sterilization with steam pressure (at least 20 minutes without interruption at a core
temperature of more than 133 °C and an absolute steam pressure of not less than 3 bar),
except manure, digestive tract content and milk, which need no pre-treatment. C2 materials
include manure and digestive tract content (which may be spread untreated on land if they
pose no disease risk and do not require sterilisation if treated in a biogas plant) [5, 6].

Category 3 (C3) comprises those animal by-products which would be t1t for human
consumption, but are (for commercial reasons) not intended for it. These animal by
products may be processed in a biogas plant equipped with a hygienisation unit which
cannot be bypassed. These biogas plants have to be approved according to some specific
point of the same ABP Regulation.
C3 group includes among others parts of slaughtered animals that have passed both
the ante and post-mortem inspection, and are tit for human consumption or, if not fit for
human consumption, do not contain any signs of disease potentially dangerous for man or
animals and animal by-products derived from the production of products intended for
human consumption or no longer intended for it for commercial reason (e.g. manufacturing
or packaging defects) [4, 5, 7|.
Table 2.3 summaries the conditions for treating ABP materials in biogas plants:

Survey of materials designated for treatment in biogas plants
Category

Material

Category 1

Not designed

Category 2 without preliminary treatment

manure as well as digestive tract content (separated
from the digestive tract; if there is no risk of dispersal
of serious-infectious diseases), milk and colostrums

Category 2 after sterilization with steam

all materials classified as Category 2

pressure and marking (with smell)
Category 3 in a biogas plant approved in

all materials classified as Category 3

accordance with Art. 15 of the Regulation
Category 3 in biogas plants approved in

catering waste (except from international means of

accordance with methods to be adopted or transport)
according to national legislation
fable 2.3 - ABP materials treatable in )iogas plants and required treatment per category

2.5 Integrated Pollution Prevention and Control (IPPC) Licensing
A system of Integrated Pollution Prevention and Control (IPPC) licensing came into
effect in Ireland in July 2004. The primary aims of IPPC licensing scheme are to prevent or
reduce emissions to air, water and land, to reduce wastes and to use energy efficiently [7,
8]. The IPPC system replaces the old Integrated Pollution Control (IPC).

I2

Since 2002, any person or company involved in certain large-scale or complex
industrial processes with significant polluting potential are required to have an IPC licence.
Over 70 industrial classes have been listed and by the 31^‘ July 2004 the EPA had processed
675 applications and granted 624 IPPC licences [7J.
Among the activities controlled by the Licensing System there are many of interest
to the Anaerobic Digestion Industry. In particular class 6 deals with the intensive
agriculture section and comprises the rearing of poultry (sub-class 6.1) and the rearing of
pigs (sub-class 6.2). fhe sub-class 7.4.2 is composed of the slaughter of animals. The sub
classes 7.7.1 and 7.7.2 contain activities dealing with animal carcasses and wastes.
Among the various criteria for granting a licence there are the minimisation of
production of waste and the efficient use of energy [7]. Both these criteria perfectly match
with the proposal contained in this research to use AD technology to treat animal waste
controlling pollution and providing renewable energy in the form of biogas.

2.6 Kyoto Protocol and Environmental Policy
Ireland’s target under the Kyoto Protocol is to limit annual greenhouse gas (GUG)
emissions to 13% above 1990 levels by the period 2008 — 2012. This is part of an EU
Burden Sharing Agreement whereby the overall EU target reduction is 8%. Ireland’s
national target reflects a number of factors, including the relatively underdeveloped state of
the economy in the base year (1990) [9, 10].
In 1998, Ireland’s greenhouse gas emissions were 63.24 Mt of CO2 equivalents.
This was already greater than the Kyoto target (62.83 Mt CO2 eq / year) [11]. In 2004
Ireland was 23.1% above 1990 levels (68.46 Mt CO2 gq / year) [12]. By 2010 it is projected
that emissions will be around 37% above 1990 levels [13, 14].
Ireland’s policy response to the Kyoto protocol is articulated in the National
Climate Change Strategy (NCCS), published in October 2000 by the Government. This
strategy provides a framework for achieving greenhouse gas emissions reductions in the
most efficient and equitable manner while continuing to support economic growth. This
strategy sets out a ten-year framework to ensure Ireland meets its Kyoto target and prepares
for the post Kyoto context of further emissions reductions [ 14, 15]. The NCCS projects that
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in the absence of the measures in the strategy, Ireland is likely to overshoot the Kyoto
target by approx 13 Mt CO2 {about 23.37 %) [ lOJ.

2.7 The Renewable Energy Strategy
rhe significant growth in energy consumption in Ireland in recent years is
demonstrated by many sources. This has led to an increase in environmentally harmful
emissions such as CO2 resulting from the burning of fossil fuels (98% of energy supply is
fossil fuel based) [15J.
From an environmental perspective, it is absolutely important that Ireland finds
cleaner substitute sources that can help maintaining its clean environment and can help to
fulfil international treaties and agreements such as the Kyoto protocol. From an economic
perspective, it is imperative that Ireland has secure and dependable sources of fuel, which
are available for domestic and commercial usage at the lowest possible cost [14J.
Renewable energy sources are those which are effectively inexhaustible or which
are replenished at or about their rate of consumption (such as managed forests and energy
crops and other forms of biomass). They are indigenous energy supplies and arc more
environmentally benign than fossil fuels in that they produce little or no net greenhouse gas
emissions |13]. In this context manure and animal by-products can be considered as a
renewable energy source.
Ireland launched a national programme to intensify its promotion of renewable
energy production technologies in the mid 1990s with the publication of ‘‘Renewable
Energy - A Strategy for the Future”. Since then there has been progressive development of
policies and programmes, primarily in the electricity market. Key documents include;
European Commission White Paper on Renewable Energy - 1997
Green Paper on Sustainable Energy - 1999
Electricity Regulation Act - 1999
National Climate Change Strategy - 2000
Sustainable Energy Act - 2002
% New green paper on energy - 2006 [ 11J.

In general, Ireland's renewable energy policies try to achieve different aims, such as
increasing the percentage of energy produced from renewable sources, limiting greenhouse
gas emissions and so fulfilling international obligations, improving environmental
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protection and geopolitical independence from other Countries. In this general context the
proposal definitely fulfils all these points and therefore has good potential to strength the
Irish energy scenario.

2.8 The Biofuels Directive and Transportation
The Biofuels Directive (2003/30/F.C) aims to promote the use of biofuels and other
renewable fuels for transport. Issued in May 2003, the Directive establishes target values
for proportions of fossil fuel to be replaced. By December 31st 2005 a reference value of
2% of transport fuels used in Ireland had to be renewable. By December 31st 2010 a
reference value of 5.75% of transport fuels used in Ireland must be renewable [16J.
In Ireland the level of emissions has increased significantly (of an average 6 % per
year for gasoline and 9 % per year for diesel ) over the past number of years, coinciding
with unprecedented economic prosperity. In 1990 the transport sector accounted for 9.5%
of all Irish emissions. By 2010 it is predicted that transport emissions will have increased
by 179%, accounting for 18.8% of all emissions. It is predicted that transport emissions w'ill
be around 13,900 Kt in 2010 [ 17, 181.
The reason for these values and predictions are twofold: The total amount of
vehicles on Irish roads rose in the same period by 60 % to 1.68 million, and average engine
sizes increased over the same period. Other factors affecting the huge growth in transport
energy usage are: the increase in average annual mileage per car and congestion, leading to
inefficient driving patterns.
The energy used in 2003 in surface transport was 82 PJ diesel and 71 P.I gasoline.
Most of this energy was used for road transport. The majority of the diesel used was in
freight and public services, while the greatest use of gasoline was for private cars. In the
same year, Ireland’s two largest bus companies, Dublin Bus and Bus Eireann consumed 1.1
PJ and 0.94 PJ diesel respectively. Irish farmers and contractors used about 13 - 15 PJ fuel
oil (diesel) for farm operations, mainly in tractors and machinery. Agricultural road
vehicles consumed 2.2 PJ of mainly gasoline.
fhese numbers give an overall idea of the huge quantities of energy required in the
Irish transport system. Biogas has applications as a transport fuel especially when generated
from “waste” products such as animal manure and slaughter wastes.

15

16

Chapter 3
The Feedstock

17

Chapter 3 - The Feedstock

3.1 Introduction: Contents and Aims of the Chapter
The first step of the research path is a detailed analysis of the feedstock amenable to
the AD process.
After a general analysis of the feedstock for Anaerobic Digestion, the attention is
focused on agricultural wastes. These research topics are in particular animal wastes,
namely excreta and abattoir wastes, but at this stage also to other potential feedstocks are
quoted, as for instance food remains and other organic material. This panoramic view is not
only important to compare animal wastes’ energy potential but also because modern AD
plants are mostly used for co-digestion purposes.
An assessment of feedstocks and relative biogas yield is carried out using different
tables depicting data from various sources and surveys. Total Solids (TS) and Volatile
Solids (VS) are indicated to represent the fraction of the solid material that may be
transformed into biogas.
Other factors like composition, biodegradability, and inhibitory components are also
discussed.
The aim is to point out the variables to consider for the AD process when choosing
feedstocks.
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3.2 Feedstock for Anaerobic Digestion
According to scientific literature feedstocks are any substrate that ean be eonverted
to methane by anaerobic bacteria. They ean range from readily degradable wastewater to
eomplex high-solid waste. The requirement of the feed is that it contains a certain
pereentage of C so as to get methane (and CO2).
It is possible to break down feedstoek into three categories: from industry (food and
beverage proeessing, dairy, sugar industry, pharmaceutical industry, slaughterhouse and
rendering plants...), from eommunities (OFMSW, sewage sludge, food remains...) and
from agrieulture (manure, energy crops, harvest remains...) [19].
A good eomprehension of the '‘feedstoek’’ is important for the eomplex eonnections
with the whole anaerobie digestion process and the ultimate biogas yield. The reactor
configuration and the quality of the final products are affeeted by the input material [20].
Sinee the solid products of the AD are further processed to soil conditioners, a
eomprehensive assessment of the composition is required [21].
ITom the economie point of view, if a given feedstock requires an expensive pre
treatment and/or reactor configuration, financial inputs have to be compared with all
benefits (eeonomic, environmental) of the anaerobie treatment [21 ].

3.3 Agricultural Wastes Suitable for Anaerobic Digestion
Given the different types of animal housing it is possible to have a large variation in
TS (total solids, 2-10%) and organie dry matter content in manure. Furthermore the
presenee of straw can affect TS content. Pig and eow exereta are usually colleeted as a
liquid slurry and this results in a 4-10% TS [19]. Cows often spend long periods of time
grazing on pastures so redueing the overall quantity of collectable manure [19]. Chieken
manure is eharaeteristieally high in TS eontents (~20%) and NFI4-N coneentrations.
Harvest residues, spoiled or low quality fruits and vegetables, garden wastes and
straw may also be used as feedstoeks. Commonly sueh residues will be added as
eosubstrates to manure [19]. Other potential materials are energy crops, waste and
wastewater from different industries, among whieh animal wastes from abattoirs.

I'he amount of manure produced depends on factors such as body size, kind of feed,
physiological state (lactating, growing, etc.) and level of nutrition (table 3.1). In recent
years, the improvements of the feed have generally entailed a reduction of the amount of
manure produced [22]. Certain kinds of manure are of low interest because they are
dit'flcult to collect.
Animal
Pigs
Milking Cattle
Young Cattle (*)

Excreta (kg/head/day )
4

Beef Cattle

45

1

, Excreta (kg/head/day)

Animal

20

j Dry Cattle
1 Heifer

'8

25

1

25

(*) young cattle are considered less than 2 years old

Table 3.1 - average quantity of excreta produced from livestock in Ireland

3.4 Assessment of Feedstocks
I'he potential production of biogas is related to the content of volatile solids of the
manure (VS). These are a portion of the Total Solids (TS) contained in the animal residues
[23]. Table 3.2 shows typical values of TS and VS [19, 20, 24, 25, 26, 27, 28]. Difference
in TS and VS values can derive from the dilution and presence of straw in the manure.
Co-digestion processes can employ other feedstocks (table 3.3) [19, 23, 25].
feedstock

Total Solids, (TS) %

Cattle manure
Chicken slurry

1

Pig manure

5-12
15-25
6-10

' Volatile Solids, (VS) % of TS
1

80-90
70-80
70-80

Table 3.2 - characteristics of different excreta
f^eedstock

Total Solids, (TS) %

Whey, food remains

5-10

Leaves, vvood shaving, straw

70-90

Garden wastes

I

60-70

1 Volatile Solids, (VS) % of TS
1

80-90
80-90

1

90

Grass, fruit wastes

15-25

80-90

Waste water sludge

5

75

able 3.3 - characteristics of different biomasses
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3.5 Slaughterhouse By-Products
Carcasses and animal by-products (ABP) are another type of waste suitable for AD.
Slaughter waste is in plentiful supply in a country such as Ireland with a strong agricultural
economy, fable 3.4 depicts TS and VS contained in slaughterhouse waste [19, 29, 30].
1

Feedstock

Total Solids, (TS) %

I Volatile Solids, (VS) % of TS

Poultry carcasses

20-30

85-90

Animal blood

8-10

95

Cattle/pig intestinal content

10-15

80

Animal fat

1

85-90

1

90-95

Cattle, pig and sheep carcasses

1

10-30

1

85-90

Table 3.4 - characteristics of animal by products

3.6 Biogas Yield
I'he biogas yield is linked to the volatile solids added in the process (m^ biogas/kg
VSadcied)- ^

following tables 3.5 and 3.6 outline average values of biogas production from

different feedstocks [19, 21,22, 23, 25, 27, 28, 30, 31,32, 33, 34].

Feedstock

Biogas yield

Feedstock

Biogas yield

(manure)

(nV/kg VS^dded)

(manure)

(mVkg VS^dded)

Cattle

0.30

1

Pigs

0.4

able 3.5 - typical biogas yield from excreta
Feedstock

Biogas yield

Feedstock

Biogas yield

(mVkg
Intestine content
Cattle carcasses

1

(nV/kg VS^ddcd)

0.35-0.65

Pig carcasses

0.90-1.10

Sheep carcasses

0.90-1.10
j

0.90-1.10

Table 3.6 - typical biogas yield from slaughter wastes
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3.7 Substrate Composition and Biodegradability
The most important parameters for characterizing manure are the TS content and the
VS content. There is an upper limit for TS, above which the material is no longer slurry,
and pumping and mixing become problematic. Substrates with TS content less than 60 %
are rarely considered as valuable substrates worthwhile for anaerobic digestion [20].
fhe overall nutrient ratio in waste materials is of major importance for the microbial
biodegradation process. The C:N-ratio can vary in a considerably wide range between ca. 6
(e.g. animal slurries) and more than 500 (e.g. wood shavings). For optimum degradation a
C:N;P-ratio of 100:5:1 is recommended [24].
The chemical composition of excreta is predominantly water and carbon (C) with
smaller amounts of nitrogen (N) and phosphorous (P) and trace levels of chlorine (Cl),
calcium (Ca), magnesium (Mg), sodium (Na), manganese (Mn), iron (Fe), copper (Cu),
zinc (Zn) and arsenic (As). Materials used as litter include straw, sawdust, wood shavings,
shredded paper and peanut or rice hulls. During the production cycle accumulating manure
is mixed with litter and at the end of the cycle both arc removed together (this hugely
affects the tnial composition and the potential methane yield) [23].
I'he water content of slurries can change seasonally and may be intluenced by
different operational conditions (dilution, etc.). High water containing substrates not only
unnecessarily increase the digester volume, but also raise the heat input per m^ waste
required, resulting in unfavourable process economics [35]. On the other hand, high TS
contents dramatically change the Huid dynamics of substrates, often causing process failure
due to bad mixing behaviour, solids sedimentation, clogging and scum layer formation. As
a rule of thumb the optimum TS - concentration will be in the range of about 6 - 10% [36].
Furthermore the distribution of organic macromolecules like proteins, fats and
carbohydrates in the feedstock is of great importance, as their degradation leads to the
formation of Volatile Fatty Acids (VFA), very important for the AD process. In particular,
high fat contents increase VFA considerably, whereas high protein content leads to large
amounts of ammonia (N114+). VFA and ammonia are not only formed through bacterial
metabolism during degradation; they can already be present in considerable amounts in the
influent, depending on the type of feedstock. Animal manure (3-5 g/kg) and especially
chicken manure (15-20 g/kg) initially contain high concentrations of ammonia [37].
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The degradation rates of the organic matter can vary significantly with the substrate
composition, e.g. protein, carbohydrate, and fat content (Table 3.7). Fats provide the
highest biogas yields; however, at the same time, due to their poor bioavailability, require
the highest retention times (see chapter 4). Carbohydrates and proteins show the fastest
conversion rates. For e.xample digestion of pig sluiTy results in higher biogas yields and
methane contents than cow sluiTy. This is mainly due to a slightly higher fat content.
Fibrous solids have a low biogas potential because of the low biodegradation rates and
refractory nature of lignocellulosic materials to microbial attack [33].

Compounds

biodegradability

Carbohydrates (sugar)

Excellent
Excellent
Excellent
Excellent

Carbohydrates (starch)
Proteins
Fats

Compounds

1 biodegradability

Volatile Fatty Acids (VFA)

Excellent
Poor - good
Poor

Carbohydrates (cellulose)
Trace organic compounds
Inorganic material, sand, grit

No

Table 3.7 - biodegradability of feedstock compounds [19|
fable 3.8 outlines some basic chemical and physiochemical properties of manure of
different animals [19, 20, 24, 33, 35, 36, 37, 38, 39J.

Characteristic

|

pH
NI I4-N (Ammonia N) Ig/kgl
Total N [g/kg]

1

f [g/kg]
•k [g/kg]
C:N ratio

1

I

VFA [g/kg VS]

Idgnin [% of TS]
Inorganic residues [% of TS]

I

Cattle

3-3.8

I

6.5-7.5
I.6-2.4

5
l.O
2.0
3:l-l0:l

I

5

I

0.8

I

3.5
6:l-20:l
30-36

40-46
7.0-12.3

Fat[%ofTS]
Protein [% of TS]
Cellulose [% of TS]

fig
7-7.4

1

3.5-7.5

16.0-28.9
10.3-22.9

13.7-15.6
14.5-25.0

0.1-3.7

6.8-9.0

17.3-27.0

I

16.0-29.0

1 able 3.8 — physiochemical properties of manure of pig and cattle
Table 3.9 shows some basic physiochemical properties of slaughter wastes [23, 29|.
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Characteristic
pH

Value
7.4-7.53

Ammonia [mg/1]

129.1-131.7

Characteristic
VFA [mg/1]
C;N ratio

Value
370-1600
3:1-5:1

Table 3.9 - physiochemical properties of carcasses

3.8 Disturbing and Inhibitory Components
Fluid dynamics, degradation as well as the biogas yield are considerably affected by
components such as straw, wood shavings, inorganic matter like sand, glass, metals or
polymeric components like plastics etc. These unwanted materials often cause process
failures (e.g. phase separation, sedimentation, flotation etc.) and much emphasis must be
placed on avoidance of these components upstream of the digesters [33J.
In particular straw particles and slime components in pig and cow slurry can cause
considerable scum layer formation which is difficult to control during digestion. However
depending on the reactor type and especially on the particle size of straw, the disturbing
elTect may be reduced and straw can even considerably improve the biogas yield [23].
Sand input, often occurring with chicken slurry, causes a reduction of digester
volume due to its rapid sedimentation, which results in process failures. Frequently
disturbing components are introduced with co-substrates such as biogenic wastes (glass,
plastics etc.) or industrial slops (salts, fats etc.). As a consequence wastes containing high
amounts of these components should be considered carefully and preferably pre-sorted
whenever possible. Once they are introduced into the digester it is more or less impossible
to properly control the digestion process [19].
fhe initial concentration of volatile fatty acids (VFA) varies with the type of sluiTy
but also with the waste handling and storage conditions. The VFA concentration in pig
slurry is higher than in cow slurry. Usually the VFA-content of animal slumes does not
cause inhibitory effects, but fast degradation of organic macromolecules like proteins, fats
and carbohydrates in agro-industrial wastes may increase VFA concentrations to levels that
cause reactor imbalances, especially in combination with low pH-values. However, micro
organisms may adapt to high VFA concentrations [33].
Due to the fast biodegradation of organic wastes the VFA-content in anaerobic
digesters can become very high, frequently resulting in start-up problems with digesters.
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Shock loads of VFA normally do not affect the process, if the pH buffer capacity is
SLifilcient and if the micropopulation is not inhibited or weakened by other effects. Other
inhibitory substances e.g. antibiotics, pesticides and disinfectants in the feedstock have
been reported to affect the biodegradation in some cases and hence the biogas formation
rate. Toxic components e.g. pesticides sometimes occur in crop or harvest residues but have
no widespread significance. Inhibiting antibiotic concentrations occasionally have been
reported in livestock manure but are only of minor significance [23].
Inhibitory substances are more frequently associated with agro-industrial wastes.
Components like NH3, H2S, NO- -, fatty acids etc. usually result during processing of high
protein or sugar and lipids containing industrial wastes and by-products. End products like
NH3 or I ES may cause gradually increasing inhibitory effects during digestion and caution
is required in order to prevent this, especially in combination with high pH values. In
particular chicken manure and in some cases also pig slurry, as well as protein containing
agro-industrial wastes can evolve inhibitory amounts of free ammonia [19].
foxic heavy metal concentrations in animal manure, agricultural and agro-industrial
wastes are usually of little concern and it does not necessarily result in inhibitory effects, as
dilution with the main substrate will reduce its toxicity. In every case, beyond their
microbial inhibitory, they can prevent the application of sludge as fertilizer on agricultural
land [33]. Tables 3.10 summarises some key information.

Compounds
carbohydrates
Proteins
h’ats
VFA
Inorganic material
Sand, grit

Inhibitory effects

Disturbing effects
i Foaming, lignine incrustation
1 Foaming
i Scum layers, poor water solubility
i poor water solubility (fats, oils)
1 Precipitation, sludge fbmiation
1 Precipitation, tube blocking

pH decrease
i pH decrease, ammonia increase
1 VFA increase, pH decrease
1 Specific inhibition of bacteria
1 1 -

Table 3.10- adverse effects of feedstock compounds
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Chapter 4 - The Anaerobic Digestion Process

4.1 Introduction: Contents and Aims of the Chapter
I'his chapter focuses on the anaerobic digestion (AD) teehnology, whieh represents
the process by whieh it is possible to treat feedstocks and obtain biogas containing the
desired energy potential.
The first part is a short review of basie concepts about AD. The biochemical
reactions are described; it will be clear that AD is not the easiest industrial process. It is
critieal to discuss all the parameters intlueneing it, from the pH to the dilution faetor, the
temperature and the organic loading rate.
After a brief analysis of material and energy Hows, the engineering process of AD is
outlined, and different technologies and plant designs are reviewed. The last step of this
chapter points out several benefits of the anaerobic digestion.
The aim of the chapter is to provide a literature review of the state of the art of AD
and to understand the different engineering parameters and solutions inlluencing its
realization and performance.
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4.2 Anaerobic Digestion: Basic Concepts
Anaerobic digestion (AD) is a really old technology; Assyrians used it to heat bath
water during the 10^'^ century BC [40]. The industrialization of AD began in 1859 with the
first digestion plant in Bombay [41]. The first full scale application in Europe took place in
Exeter (UK) where in 1895 the biogas recovered from a sewage treatment facility was used
to fuel street lamps [42|. fhe biochemical process allowing methane production with
certain anaerobic bacteria was scientifically showed in the 1930s [42].
Despite having methane energy potential, AD has been mainly used in the last few
centuries for sanitation purposes [23]. Therefore, the majority of commercial applications
have dealt with farm wastes, wastewater, industrial organics wastes and llnally municipal
solid waste (MSW^).
In recent times, mainly due to energy crises, higher prices and to the more stringent
environmental regulations, Europe is increasing the use of AD technology matching it with
energy recovery. Indeed the main aim of this project is to show a profitable link among
agriculture, environmental performances and renewable energy production, when allowed
by economies of scale.
Different technologies have been proposed for the treatment of agricultural and, in
particular, animal wastes like manure and animal by products. From land application to
composting, from ground injection to reverse osmosis, from pond systems to constructed
wetlands, AD appears to be the best one to achieve high sanitation and environmental goals
linked to the biogas production [41].

4.3 The Biological Process
4.3.1 Process Ovei*\iew
Anaerobic Digestion is a natural biological process occurring in anaerobic
environments. It involves the breakdown of organic material by a specialized mierobial
population of bacteria living in an oxygen free environment [25]. The result of the reaction
is a stable solid (digestate) and biogas, a mixture composed of methane (60%) and carbon
dioxide (40%), water vapor and trace amounts of hydrogen sulfide [30].
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AD is a stepwise process in which it is possible to differentiate four consecutive
steps (fig 4.1), normally proceeding side by side, even if each of them requires specialized
conditions. In each of these steps a different kind of bacteria works, mostly strictly

(T) hydrolysis

complex organic matter
carbohydrates, proteins, fats

(2) fermentation
f^) acetogenesis
(^) methanogenesis

soluble organic molecules
sugars, amino acids, fatty acids

volatile fatty
acids

I acetic acid

f ig 4.1 - Anaerobic Digestion Process Scheme
anaerobic (obligate) and some are able to survive in aerobic conditions (facultative
anaerobic bacteria) |43].
fhe stability of the whole process is guaranteed by the coordinated activity of all the
employed groups of bacteria: given their sequential activity on the substrate, each group
uses as a starting point the final product of the previous step of the chain [23]. This
represents a weak point of the process as every group requires its own conditions, and for
this reason it is important that internal conditions of the digester are able to maximize the
biogas production without damage to any of the bacteria groups [40]. In this context the
weakest kind of bacteria is the last one, responsible of the production of biogas.
fhe four different steps within the full AD process are: hydrolysis, in which
complex molecules are broken down by enzymes to get monomers; acidogenesis (or
fermentation), in which acids are produced; acetogenesis^ when the production of acetate
occurs; and finally methanogenesis, the stage in which methane is produced from either
acetate or hydrogen [36].

4.3.2 Hydrolysis
I he hydrolysis is the step in which complex organic materials are broken down into
their constituent parts [23, 25J. Proteins are converted into amino acids, fats into fatty acids,
glycerol into triglycerides, while complex carbohydrates such as polysaccharides, cellulose,
lignin and starch turn into simple sugars (glucose, C6H12O6, or monosaccharides). The
bacteria responsible for this work are hydrolic or fermentative bacteria [23, 25, 42, 44].

4.3.3 Acidogenesis
Hydrolysis is followed by acidogenesis (fermentation). Acidogenic bacteria turn the
products from the first stage into simple organic compounds like volatile acids (propionic,
foiTnic, lactic, butryc, succinic among others), ketones (ethanol, methanol, glycerol, acetone
among others) and alcohols [23, 25, 36, 42, 43]. Typical reactions can be written in these
forms:
(glucose converted to ethanol)

C6H12O6 ^2CH3CH20I1 + 2CO2
C6H12O6+ 2H2

2CH3CII2COOH

+ 2H2O (glucose converted to propionate)

4.3.4 Acetogeiiesis
The stage of acetogenesis is sometimes considered the same as the previous one.
T he results of this phase are acetate, CO2, and H2 formed by oxidation of the products from
the previous stage. These reactions reduce the BOD (biological oxygen demand) and the
COD (chemical oxygen demand) [23, 25, 42]. Typical reactions of this step are:

C6T I12O6+ 2H2O
CH3CH2OH + 2H2O
2TICO3-

+ 4H2+ 111

2CH3COOH

+ 2CO2 + 4112 (glucose transformed into acetate)

Cl T3COO- + 2Tl2 +H f
Cl 13COO- + 4H2O

(ethanol transformed into acetate)

(bicarbonate transformed into acetate)

These reactions decrease the pH, which is an advantage since the acetogenic
bacteria prefer slightly acidic environment, but it is problematic for the next stage [40].

4.3.5 Methanogenesis
In the fourth and last stage (methanogenesis) strictly anaerobic bacteria convert the
soluble matter into methane, mostly (about two third) deriving from the acetate or the
fermentation of an alcohol, but partially (about one third) produced from carbon dioxide
reduction by hydrogen [23, 25, 36, 40J. Examples of reactions are as follows:
2CH3Chl3011+ CO2

2C113 coon + CH4 (ethanol converted to acetate)

CH3COOH ^CH4+C02C

(acetate converted to methane)

CH30H + H2^CH4+H20

(methanol converted to methane)

C02 + 4H2^CM4+2H20

(carbon dioxide converted to methane)

The methanogenic bacteria involved here are very sensitive to changes and prefer a
neutral or slightly alkaline environment; they do not survive to pH values below 6.
Furthermore these bacteria are the slowest of the whole process so the kinetics of the entire
reaction is ‘"controlled" by the kinetics of methanogenesis [25].

4.3.6 Final Considerations
Although it is possible to distinguish the four steps of the AD reaction, they occur
simultaneously and synergistically (Fig 4.2) and make the whole process very fragile. It is
necessary to maintain a balance among the different required conditions so as not to affect
and damage any of the different microbial populations [25, 40J.
Calcium, magnesium, sodium or similar elements are transformed into salts. Some
of these, like Ca, Na, other than Cu, Zn, K, alkaline metals, can have inhibitory effects. In
general the most sensitive and fragile bacteria are the methanogenes [40].
d he nutrients (N and P) arc required in an anaerobic process in the ratio of (C:N;P)
10'0:5:1. Organic nitrogen compounds are converted into ammonia while phosphorus
compounds are converted to orthophosphates [25]. An appreciable portion of the energy
content of the whole process is conserved in the methane, while the rest is used for bacterial
growth.

2»Z

8e!a oxK^alion

Hydrogenotrophic
m«lhanogenesis

Fig 4.2 - Anaerobic digestion biochemestry

4.4 Parameters of AD Process
4.4.1 Introduction

F'rorn the process engineering point of view, AD is not difficult to realise although
biochemical reactions and balances are very complex. Within the whole process several
groups of bacteria are involved and so it is crucial to provide an equilibrium able to
guarantee the digester’s stability. Even temporary changes in environmental conditions can
at least disturb if not damage the process performance and for this reason a clear knowledge
of parameters affecting it is very important.

4.4.2 pH

After gas production the pH is the fastest parameter to show digester instability. An
acceptable range of bacteria participating in digestion is between 5.5 and 8.5 but the
methanogenic groups work only with pi I close to neutral levels (optimum in the range 7.0 7.2) [24, 45].
The most likely problem in a digester derives from acid accumulation, for instance
due to the volatile solids loaded. This phenomenon is quite insidious because methanogen

population consume acids produced in the previous stages and so, if they can’t work
properly, the pll will become lower and lower [36]. In this way pH ean be used as an
indicator of overloading. In this case, it is necessary to aet immediately by recycling more
water or introducing calcium carbonate or lime [40].
On the other hand, if methanogenic bacteria are dominant, ammonia concentration
could increase, bringing the pH above 8 and so destroying the same bacteria. To counter
this event it is possible to introduce fresh feedstock which helps acid formation [30].
During the start-up, when acid formation is not balanced by any methanogenic activity, the
only way to guarantee this delicate equilibrium is by adding a buffer to the system [46].

4.4.3 Temperature
Another very critical parameter to control is the temperature, due to its strong
dependence on the digestion rate. Anaerobic bacteria can survive in a wide range of
temperatures (from 0 to 70° C) but the most suitable values are between 25 and 40° C
(mesophilic range) and between 50 and 65° C (thermophilic range) [38, 47j. In the
scientific literature another range is defined (psychrophilic) but staying at lower values than
the mesophilic is not of interest for us [38]. The optimum biogas production for the
mesophilic digestion is 35° C whereas the best value for the thermophilic process is 55° C
(fig 4.3) [36]. Choosing one of the two ranges entails advantages, drawbacks and trade-offs.

Fig 4.3 - Influence of Temperature on biogas production
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Ihermophilic digestion allows higher loading rates and achieves higher rates of
pathogen destruction as well as a higher degradation of the substrate and biogas production.
On the other hand it is more sensitive to environmental conditions like inhibitory elements
and changes and obviously requires more energy [48]. Bacteria operating in the mesophilic
range are more robust and can tolerate greater changes in the environmental parameters,
including temperature (likely in particular in cold climates). Conversely they require a
longer time to complete the digestion and so bigger volumes of the digester [24].
In general anaerobic systems are quite sensitive to temperature, much more than
aerobic ones. Among the different groups the methanogenic are the most sensitive of all
[41]. Several experiments have shown the importance of a stable temperature, recording a
noticeable decrease of gas production for a change of about 5° C (in this context day night fluctuations can be very critical). The stability of T is even more important than the
value itself: it means that low temperatures (above certain limits) do not harm the bacteria
but just require a longer digestion time (up to 100 days). This makes the whole process
uneconomical [491.
femperature has to be carefully monitored because of the many ways that digesters
lose their heat (radiation and convection, water vapour formation) and this needs to be
provided from outside (better insulation, water baths, passive solar heating, exchangers or
internal heating systems). In some cases underground digesters are employed.

4.4.4 Carbon / Nitrogen Ratio and Ammonia
fhe carbon/nitrogen (C/N) ratio is the measure of the relative amount of the two
elements in the feedstock. It is important because bacteria growth requires a sufficient
concentration of nutrients. As with composting, the optimum C/N is 20-30 (the best is
reported to be 25) and can be very useful when a mixed digestion is managed [48]. If the
C/N ratio is low it means that there is too much nitrogen, which causes ammonia
accumulation which in turn brings high pH values. On the contrary if the C/N ratio is high
it indicates a rapid consumption of nitrogen and thus a lower gas production [24].
Related to the C/N ratio the presence of N based compounds like ammonia have to
be carefully taken into aceount. They can be ammonium ion (NH4+) and free ammonia
(NH3), which is reported to be the more toxic of the two for bacteria metabolism, even if
the tolerable total ammonia concentration is relatively high (up to 5 g/1) [45].

4.4.5 Retention Time (RT)
rhe retention time represents the time the feedstock spends in the digester: naturally
the longer, the better. The rate of the reaction is not actually constant, but decreases with
increasing residence time and so it is able to find a suitable balance between a high rate of
digestion and economies [31 ]. Obviously this '‘besf’ time depends on the feedstock and the
operational parameters (in particular T). For a specific digester the RT can change from day
to day (different feedstock) or from season to season (different T) [31].
For most processes the R'F ranges between 14 and 30 days. According to some
research, after only 10 hours the digestion rate can reach values as high as 64-85%, but for
a complete digestion several days are required [31 ].
The RT is proportionally related to the volume of the digester (the longer, the
bigger!) so reducing it can provide cost savings. At the same time shorter RT will lead to
higher biogas production per volume but lower overall degradation.
fo let the RT decrease, different practices are put in place, but the most common is
the continuous mixing and use of low solid levels in the feedstock. The latter makes sense
because bacteria can more easily access liquid substrate and because the relevant reactions
require water. Furthermore low solid content improves mixing [31, 50].
Scientific literature reports six different areas related to the aim of reducing the R F:
the first is to separate the stages of the digestion into individual chambers so that the
bacteria population in each chamber is optimized for its purpose. Another option is to
improve circulation within the digester. A third alternative is to introduce mechanical
devices to reduce the size of the population that is washed out with the effluent (wash out
occurs when the rate of the bacteria loss exceeds the rate of the bacteria growth). Strict
environmental control of the environment is another way. The final approach is to use pre
treatment of waste to increase digestibility [36, 40, 41].

4.4.6 Hydraulic Retention Time and Solids Retention Time
From the operational point of view, it is possible for continuous systems to
differentiate between HRT and SRT. The FIRT or hydraulic retention time is the number of
days the materials stay in the tank which is also equal to the volume divided by the daily
llovv:

IIRI' = V/'O

The SRT or solids retention time represents the quantity of solids maintained in the
digester divided by the quantity of solids wasted each day. The formula is [36J:

SR f = V * Cd / Qw * Cv

where

V = digester volume
Cd = solid concentration in the digester
Qw = volume wasted each day
Cw = solid concentration of the waste.
In a conventional completely mixed or plug flow digester, the HRT equals the SRT,
but in many other systems the SRT is greater than the HR! . d he volatile solids’ conversion
to gas is a function of SRT rather then HRT [36, 40] (Fig. 4.4). Furthermore low levels of
SR I indicate that bacteria growth cannot efficiently replace the bacteria loss with the
effluent. Fhe critical SRT is the minimum value at which wash out occurs [43].
Fi^ 4.4 - Destruction of Volatile Solids as function of time

fhe process engineering goal of the last twenty years has been to develop systems
in which SRT can be increased while HRT is decreased. The practical goal achieved from
this effort is to increase gas yield and decrease the digester volume [49[.
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4.4.7 Organic Loading Rate
The organic loading rate (OLR measured in KgVS/mVd) is the quantity of Volatile
Solids inputted into the digester. The OLR ean be ealculated as

OLR = C./HRT

where

Cl = influent waste concentration (gr)
HRT = hydraulic retention time.
Typieal values of OLR are between 0.2 and 2 KgVS/m^/d [36J.
High values of OLR require more bacteria and this could find the system not
prepared. At the same time a high OLR could encourage acid production, which in tum
could decrease the pH and harm methanogenic bacteria. Inereasing the loading will reduce
the digester size but at the same time will also reduce the pereentage of VS eonverted to
gas. In general the methane eontent of the gas produeed can indicate a state of overloading.
As a matter of fact in this case the production will initially rise up and then fall (because of
inhibition). The CH4 content will fall while the CO^ pereentage will rise [24, 36, 40, 411.

4.4.8 Mixing
Mixing the feedstock is one of the factors to increase the AD performance because
it allows minimisation of the RT. A technieal solution is reeirculation of water and biogas
in the digester so as to keep the material moving, but industry has developed meehanical
devices as well [50].
An important advantage of mixing is to avoid the formation of stratified layers
which decrease the digester working volume (longer RT). Furthermore mixing provides a
uniform distribution of organisms, helping to transfer heat and reduce particles’ size [50].
Seientific literature agrees on the importance of mixing to improve AD
performanee, but there is still a big debate about the best proeess pattern. Regarding the
teehnieal systems, the recirculation of biogas is reported as the most effleient but the debate
is huge on this point as well [50].
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4.4.9 Feedstock Characteristics

Apart from the C/N ratio and N-based compounds, feedstock constituents affect
degradability. For instance Ldgnin and some other hydrocarbons do not degrade in an
effective way, while lipids tend to form floating scum and long-chain fatty acids (LCFA).
I’hese, in turn, can slow the whole process (because of the slow growth rate of competent
bacteria) and result in toxicity to some groups of microbial population. Poor soluble wastes
break down slowly. Other potential constituents of the treated material are, for example,
animal bedding, sand and silt, all having a significant impact on AD. Some of them can
result in toxicity (as fungicides and antibacterial agents) [24, 36].
Dilution is also an important factor because it decreases concentration of inhibitory
elements. Literature reports as good dilution values of 6-7 % of TS concentration [36, 40].

4.5 Material Balance
The final product of AD is composed of methane (50 - 75% with the most common
value of about 60%), carbon dioxide (almost all the rest) and trace elements of other gases,
such as hydrogen sulphide, ammonia and water vapour. These trace compounds are not
significant from the material balance point of view but critical from the final gas usage
prospective. The production of biogas is the most valuable aspect of the AD process.
AD provides a solid and a liquid component. The former (digestate) is a humus-like,
stable material whose quality depends on the characteristics of the initial feedstock. It could
even contain some foreign materials like glass or plastic if they have not been separated
before, ft is usually dewatered not only to recirculate the water in the digester, but also
because transport will be cheaper. The latter, called liquor, contains soluble materials [42].
A digestate characteristic is the biological activity. In general the lower the SRT, the
more biologically active the solid will be. If the digestate were sent to a landfill its
biological activity would be reduced as much as possible, but if it has to be used as soil
amendment of its activity is beneficial. AD does not reduce N, P and K content thus making
the digestate more valuable as fertiliser [52].

4.6 Process Engineering of AD
4.6.1 General Considerations on Proeess Engineering of AD

A[) is conducted in a variety of technologies and nowadays several kinds of
digesters have been developed. The digestion efficiency is affected by the type of digester
used and the parameters of its operation. Digesters range in eomplexity from simple
cylindrical cans with no moving parts to fully automated industrial facilities. The simplest
are easy to design and maintain, but are less efficient. The most eomplex, on the other hand,
are more complicated and expensive but have higher performances [23].
The classitlcation of the AD plants is aceording to the dry matter content, number of
(single or multi) stages, hydraulie flow (eontinuous or bateh), orientation (horizontal or
vertical units), mechanical devices (mixed or not, other mechanical devices), proeess
seheme (linked treatment) and operational conditions (T). Naturally several combinations
of these exist at industrial level. They are designed to optimize the process for specitle
geographic locations, types of waste, and other considerations like the purpose of the AD
(for instance to maximise the energy production or the pathogen destruction). Each of these
can be modified to provide the desired degree of autonomy and eomplexity.
A simple digester consists of a single, variously shaped but typically cylindrical
tank. T he bottom is coned-shaped to facilitate sludge removal, while the top can be fixed or
floating (more expensive and diffieult to manage). Most tanks are built of concrete because
they have to resist weight and pressure of the eontained liquid [25].

4.6.2 Dry Matter Content
In terms of matter content there are two broad eategories: the dry' digestion with a
typical dry solids content of 25-30% and wet digestion, with a dry solids content of 1015%. To work with wet ranges, if the initial feedstock has a higher pereentage of solids it
requires dilution. In the digester it is usually possible to reeognise heavy and light fractions
and the formation of layers, with the related potential problem of material settling to the
bottom. Wet processes are ideal for gravity driven systems where the material is fed from
the top in a vertical tank and it moves toward the bottom, where it will be removed. Wet
proeesses are common also for other technical schemes [52].
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I'he dry system is more robust and flexible but mixing is definitely more dit'tlcult,
thus decreasing the degree of digestion. In this process system inhibitors can be less
problematic. The advantage of the dry process would be a smaller reactor and less energy
needed (because of less water to heat) and so saving capital and operational costs, but this
can be offset by more expensive pumps suitable for denser material and more maintenance
for machineries [25].

4.6.3 Number of Stages
Gas

Gas

In terms of the
number of stages

the

single volume digester is
still the most common in
small scale applications
but in the last decade
there

have

been

developments

in

multiphase

designs

Fig 4.5 - two stage reactor (reaction specialised digesters)

formed by more than one
tank, each of them specialized in a step of the biochemical AD reaction (fig 4.5) or with
different operational temperature (t1g 4.6). In a single stage digester, all of the bacteria exist
in the same volume and the environmental conditions are kept at equilibrium. These
parameters

are

necessarily

not

optimal

Gas

Gas

for any bacteria, but
are acceptable to all
(the

most

crucial

parameter is the pfl).
Once

in

these

digesters

simpler
than

operation,

to

are

operate

multi-stage

digesters because the

fig 4.6 - two stage reactor (temperature specialised digesters)
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equilibrium is fairly stable [46].
In a multiple stage digester, the substrate is transported to sequential chambers
where progressive stages of AD occur (according to prescribed timing). Each chamber
maintains environmental conditions most favourable to the present bacteria.
For instance if two tanks are used, the first one allows hydrolysis, acidogenesis and
acetogenesis while the second optimizes methanogenesis. In the first tank, continuously fed
with fresh material, the pH can be low and the residence time is from 10 to 15 days, fhe
second tank must maintain a higher pH and provide capacity for gas collection or storage.
Some more complex multiple stage digesters exist where up to eight tanks are used, each of
them specialized in one of the several reactions occuning in the AD process [53].
The advantages of multiple stage digesters are higher efficiency and shorter
retention times, but naturally there are increasing construction costs. Furthermore it can
better manage high solids content materials.

4.6.4 Hydraulic Flow
In terms of hydraulic flow, two general models are used: the hatch process and the
contimious process. In the batch system, the substrate is put in the reactor at the beginning
and sealed for the complete retention time, after which it is opened, the effluent removed
and the process restarted. In the continuous technology, fresh material continuously enters
the tank and an equal amount of digested material is removed [47].
fhe sludge in a batch reactor is normally not mixed, so as the content of the digester
stratifies (the different layers typically are layers of gas, scum, supernatant and the active
layer). Inlluent and effluent valves are in the supernatant layer and solids must be removed
near the bottom. Retention times range from 30-60 days with an OFR between 0.48 and 1.6
kg TVS/m^ reactor volume/day.
This type of system requires a

Gas

large tank volume due to the
long RT and low OFR and the
formation of a scum layer.
Indeed only about 1/3 of the
whole volume

is

used

Effluent

----- >-

for

active digestion. It is at the

Fig 4.7 - continuous process reactor
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same time the easiest and cheapest to build, more robust than the previous one, but
produces less gas and during the emptying phase there is risk of explosion [41J.
The continuous process (fig. 4.7) is an ongoing one in which fresh substrate is
added and an equal amount of effluent is removed. With this design, maybe better suited to
large scale plants, the production of biogas is approximately constant. The structure can be
identical to a batch process, a cylindrical tank with influent and effluent valves. Because
there is constant movement (usually by a pumping system), material inside the tank is
mixed and does not become stratified, allowing for a better use of the available volume. In
this process the removed effluent is a combination of completely digested and partially
digested material. To minimize this phenomenon some designs with interior walls have
been projected so as to force the feedstock path [42].
Mixed forms of these two models have been developed including the plug-flow'
reactor and the sequencing batch-reactor, which try to combine the advantages of the two
extremes.

4.6.5 Orientation
I'he choice of horizontal or vertical oriented tank depends on the material flow
through the system. Vertical tanks are predominately gravity driven and so the material
generally flows downward (although influenced by the digester geometry). In some cases
material is pumped into the bottom of the tank and removed from the top, causing general
upward flow (with a residual downward one). Vertical tanks have a smaller footprint, but
on the other hand are more liable to stratification whereas horizontal digesters minimize
this problem but require greater space. For this reason the latter are more suitable for small
plants, as they can be transported without special costs and the final assembly is performed
on site [54].

4.6.6 Mechanical Devices and Mixing
In terms of mechanical devices the first important topic is the process of mixing.
From the process point of view mixing affects the degree of contact of the substrate with
bacteria and therefore how quickly it is digested. Furthermore it helps heat distribution and
particle size reduction. Mixing can be accomplished by agitation, gas injection, or
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recirculation.

For example

some systems have interior
walls

in

chamber

a
that

cylindrical
require

a

influent

greater distance travelled for
the waste (fig. 4.8). Gas
mixers are also suitable for
mixing

through

recirculation.

biogas

Fig 4.8 - mixing accomplished by interior walls

Mechanical

mixers inside tanks (fig. 4.9) are less common because maintenance is extremely difficult
and they are less efficient (from the AD point of view but more efficient in terms of power
consumed) although cheaper then recirculation systems. It is important to note that
excessive mixing may disrupt microbes |55j.
Other

mechanical

devices usually employed in

Gas

AD process can be an external
heat exchanger to maintain a
suitable temperature (there are
several models and designs),
pumps eventually necessary to
move materials through the
plants (again several models
and power according to the dry
content), collection and safety
systems

for

the

biogas

produced, and a grinder or
some

other

size

reduction

equipment for the treated feedstock.

4.6.7 Linked Treatments

In terms of process schemes it is important to point out some AD linked treatments.
Farticularly important are feedstock pre-treatments, exclusively dependent on their

44

characteristics. It is possible to set a separation process for foreign materials like glass,
metals and plastics. Mechanical treatments like shredding, crushing or similar allow waste
size reduction. Chemical treatments can adjust waste composition so as it will not damage
the microbial bacteria or will simply be more digestible (for instance fat degradation).
Thermo-chemical pre-treatments for example have been shown to reduce retention time but
naturally they require high capital and operational costs so they can be economically
unsuitable [25].

4.6.8 Process Operational Temperature
In terms of operational conditions, thennophilic and niesophilic range have been
already mentioned. From the process point of view thennophilic conditions present the
problem of heat requirements, not only to heat the incoming feedstock, but also to
compensate for heat losses. There are suitable construction technologies to minimise heat
losses (fig. 4.10) [56]. The parasitic energy demand for thermophilic plants is quite high
and the employment of energy optimisations systems (like heat exchangers) can be required
otherwise the energy potentially produced from the biogas is not enough to compensate the
consumption itself The advantage of this design is higher efficiency, shorter RT and so
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smaller digester which in turn means less construction costs. An other important advantage
is the pathogen reduction, not only if this is the main purpose of the AD, but also to be able
to market the digestate; a treatment at 38°C for 15 days destroys 99.9% of pathogens
whereas that at 55°C destroys up to 99.999%. On the other hand the mesophilic process is
more robust, tolerant, cheaper and stable and so easier to manage [57].

4.7 Advantages and Benefits of AD
1 he main benefits provided from the use of the AD technology are:
^ Waste loading: the organic loading rate can be 5 to 10 times higher than for aerobic
processes treating the same wastes, and so require lower physical plant space,
Energy production: AD can provide a significant amount of renewable biogas fuel
which is marketable.
Energy saving: AD is less energy intensive than aerobic processes,
^ Environmental quality: AD reduces the organic content of wastes and does not
generate a large amount of by-products.
Nutrient recovery: At') preserves fertilizer value of the digestate, which is
biologically active for long periods after the digestion, and mineralises organic
matter in a more soluble and biologically available form.
Odour reduction: AD significantly reduces odour emissions; the malodorous
products are the intermediate ones (volatile organic compounds like phenols, VFA)
which accumulate only if the acid-forming and methanogenic steps are unbalanced,
fherefore if the process is well managed there should not be this risk.
^ Pathogen reduction: AD destroys almost the totality of pathogens, depending on
Temperature and F^etention Time, and does not produce bacterial aerosols because it
is totally enclosed,
^ Environmental performance: AF) reduces greenhouse gas emissions: reduces
emissions from untreated organic wastes and provides biogas which can replace
fossil fuels avoiding emissions linked to their burning.
Social acceptance: AF9 has a green image and so is more social acceptable.
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and Environmental
Analysis of AD Plants
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Chapter 5 - Technical, Economical and Environmental
Analysis of AD Plants

5.1 Introduction: Contents and Aims of the Chapter
In this chapter a technical, environmental and socio-economic analysis of Anaerobic
Digestion industrial plants is carried out.
The technical part firstly regards the feedstock management from its physical
production to the access at the AD plant. The second part takes into account teclmical
aspects of AD plants, their material flows, the process path, and includes a short
presentation of technical benefits of CAD plants. The third part tbeuses on technical
analysis of biogas, its potential use as transport fuel and an overview of other produets of
AD proeess (fibre and liquor).
The environmental analysis begins with a general outlook typical of the
environmental Impact Assessment, and then focuses on the main topic: air pollutant
emissions, their qualitative and quantitative analysis, and the AD potential to mitigate them.
The socio-economic analysis carries out an assessment of the main eosts and
incomes of AD industrial plants, reporting data from various studies and pointing out the
advantages provided from eeonomy of scale. The last section of this part is dedicated to the
“■externalities'".
The ehapter ends with a last section summarizing benefits of AD industrial projects.
This chapter aims to depict a full analysis of different variables taken into aecount
in feasibility studies of anaerobic digestion plants and shows the various benefits provided
by this technology (also compared with other waste management schemes).
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5.2 Feedstock Management
5.2.1 Housing and Bedding System

Following an ideal path from the physical production of manure to the digester
loading, the first element to analyze is the housing system. Only confined animals can
effectively provide collectable manure. There are different types of housing systems: their
designs affect the quantity of manure economically collectable. The housing system design
is influenced by different issues such as capital building costs and animal health and in
general the percentage of collected manure can range between 40% and 80% [47].
The bedding system can significantly alter the characteristics of manure. Usually the
bedding can be organic material, mat or sand, fhe latter reduces digester volume and it is a
problem in AD process, making appropriate a sand separation pre-treatment and so
allowing clean sand to be recovered for reuse [36]. Straw needs chopping and could cause
pipe blockages [58]. In general the quantity of non-degradable, organic and inorganic
material can significantly impact the performance of the AD process.

5.2.2 Manure Collection and Storing
4’here are two types of Manure collection: the scrape system, where a scraper
collects manure as a solid or semisolid, or the flushed system, where water flushes away
thin and highly diluted slurry. The latter requires bigger tank volumes and too much water
employed can make the digestion uneconomic [58]. In this case a solid separation pre
treatment would decrease volume incomes in the digester, requiring smaller dimensions and
less capital cost [36]. The quantity of water used in a flushed system depends on the
geometry of the path followed by the manure (width, length, slope) [47] and it is impossible
to technically model it.
3'he occurring dilution reduces solid concentration from an average value of 10 13% up to less than 1% but flushed systems are generally cheaper and less labor intensive
[47|. They have been associated to severe odour problems although these are manageable
by flushing once a day. This operation should also reduce the amount of needed water and
consequently heat and volume required for the digestion [47].
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'['he scrape system allows minimizing digester volume and consequently heating
energy requirement. Conversely it could have problems if linked to sand bedding systems
(clogging, equipment damages and active digester volume reduction). In terms of solid
content, it practically does not affect the composition but it requires higher capital and
operational costs, while it is not as efficient as the flushed system in terms of stable
cleaning. Conversely it minimizes pre-treatment costs [47].
Another aspect influencing the biogas production is the manure storage. Less fresh
manure has a lower methane production potential because of the occurring decomposition,
f 'urthermore, aerobic conditions typical of storing techniques inhibit methanogenic bacteria
development and the small quantity of biogas produced is released in the air. On the other
hand, storage facilities are necessary to ensure continuity of supply to the AD plants [54].

5.2.3 Feedstock Transport
Stored feedstock has to be transported io the AD plant. Various studies of scientific
literature focus on the logistic optimization of feedstock transport to guarantee the
continuous supply to the plant matched with the minimization of distance traveled and the
best location of storage facilities. It would not be economically viable to transport manure
for more than 15-25 Km and even less slurry (5-10 Km) because being liquid they require
higher volumes [54]. In some countries pumping systems (as long as up to 5-6 Km) are
employed for this purpose, reducing also the risk of disease spreading. Feedstock transport
can determine the negative or positive economic result of the whole project.

5.2.4 Pre-Treatments
Some pretreatments can be necessary to the feedstock employed in AD plants, for
instance maceration with a chopper, screening to remove organic fibers, sedimentation by
gravity to remove sand, silt and other settable particles [47]. Mechanical pretreatments can
remove degradable manure reducing potential methane yield but simultaneously decrease
nutrients levels. They do not have any influence in odor control given that the separated
materials are not responsible for them. They have negative energy and economic impact
(they require energy), high operational and maintenance costs (although generally low
capital costs), but are useful for the whole process, providing it with consistent benefits.
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A study reported the time lor the center of a particle to reach 90% of surface
temperature, showing the huge difference between particle diameters of 2 cm (0.1 hour
required), 20 cm (10 h) and 40 cm (up to 40 h) [42]. In general the maximum particle size
should be less then 5 cm.
The AD pretreatment scheme has to be selected according to the management
priority aims (animal health, nutrient recovery, odour minimization, energy production, cost
reduction) and will obviously affect the AD plant design and performance.

5.3 Anaerobic Digestion Plants Design
Designing a plant requires a range of technical considerations regarding minimizing
mechanical and electrical equipment, improving insulation and corrosion resistance of
materials, identifying automatic and safety device operations and activating environmental
controls |54|. Different project options can be assembled to improve the performance
according to specitlc targets.
Usually while a farm-scale digester focuses on simplicity and savings, a co
digestion plant (CAD) is likely to implement more sophisticated solutions to manage a
greater quantity of feedstock and optimize energy production. The AD being a biochemical
process, the influence of scale change on the potential productivity is small [22|.
The crucial factor is to identify the appropriate plant design to meet user's
requirements, provide a quality guarantee and a performance guarantee (for e.xample
heating minimum performance, mixing performance, homogeneity of temperature inside
the vessel within a range of 20°C, loading and unloading optimal performance, heat and
electricity generation performance, environmental performance) [54].

5.4 Benefits from Implementing Co-Digestion
Several benefits derive from implementing Co-digestion schemes. Other feedstocks
could include brewery residues, food processing wastes, sewage sludge, or organic fraction
of municipal solid wastes (OFSMW) [54|. They require careful assessment not to affect the
process performances since waste composition influences the stability and the biogas
production, fheoretical studies are currently carried out in this direction.
so

In general animal waste like pig and poultry manure having high amounts of
ammonia are preferably eo-digested with wastes having high carbon content to improve the
C/N ratio (whose optimal value is around 25) [59].
Co-digestion can provide various benefits to the whole process:
to increase the yield of gas by mixing manure with wastes having higher
concentrations of digestible organic matter,
'C to improve the efficiency of the digestion thanks to synergistic effects and
the mixture of nutrients,
to facilitate waste handling because of mixing with liquid slurry and so
turning them into a slurry more easily pumped,
to provide advantages of scale given Ifom the amount of feedstock treated,
to provide the plant with an economic income through tipping fees required
mainly to industrial waste producers.

5.5 AD Products: Flows and Balances
The main AD outputs (tig. 5.1) are a gas phase (biogas) and a semisolid phase in
which it is possible to differentiate between a solid fibre and a liquid phase (liquor). If the
main target is energy recovery, the whole plant scheme will be defined so as to maximise
the biogas production which is the energy carrier. Other post-treatments are required to
obtain further purification or upgrading of the gas phase.
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Fig 5.1 - material outputs in Anaerobic Digestion process

I'he semisolid phase can require an aerobic post-treatment to turn into a stable,
organic humus-like material and, if of good quality, can be marketed as natural fertilizer.
Some process water can be required for the feedstock to be pumped and chemical
substances can be added to improve the process (buffer solutions for instance). The
proportion among the outputs (fig. 5.1) indicates that only a small percentage is
transformed in biogas, whereas 80-90% of the income materials form the semisolid phase.
The process water needed in the feedstock is generally provided by dewatering the
final solid digestate and re-circulating that liquid fraction. Salt and toxicants should be
removed to avoid accumulation and for this reason many plants use a combination of fresh
and recycled water.

5.6 AD Products: Biogas
5.6.1 Main Characteristics of Biogas
fhe gas phase output of the AD is a biogas mixture whose composition varies
depending on the raw materials used to feed the process, the organic load, the retention
time and the operational temperature [49]. On average it contains methane (Cl I4) 55-65%,
carbon dioxide (CO2) 30-45%, nitrogen (N2) 0-3%, hydrogen (Hz) 0-1%, hydrogen sulphide
(112S) 0-5%, and Tmally other traces of ammonia (NHz). and other volatile compounds.
Biogas is about 20% lighter than air and has an ignition temperature in the range of
650 to 750°C; it is odourless and colourless [49]. The calorific value is typically of 20-25
MJ/nrt, about 55% than that of methane, which has a calorific value of 37.78 MJ/m^ [44].
Carbon dioxide and nitrogen contained are inert gases reducing the heating value of the
biogas. Conversely hydrogen sulphide is well far from inert, being highly corrosive.

5.6.2 Use of Biogas for Heat and Electricity Production

Biogas employed for heat production is typically condensed and its particulate
removed, and then cooled and dehydrated. At this point it can be transported by pipeline to
a nearby location for fuel burners. In this case the pipeline length is crucial because of its
high costs and also for the power lost along the distance for the progressive cooling.
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Another alternative is to generate steam directly on site after condensation and particulate
removal. Heat production is the most common application for biogas and also provides low
nitrogen oxides emissions (35-50 mg/MJ, around half the level for oil combustion).
For electricity generation there are various available solutions: reciprocating
engines, gas turbines, steam turbines, micro-turbines and fuel cells, although some of them
like micro-turbines are not as widely diffused as other ones because of their higher cost,
fhey also have far lower electrical efficiencies of 26 to 28% but they produce steam instead
of hot water, which might be used for industrial purposes. All of these technologies require
the biogas to be cleaned and condensed. Fuel cells have the highest conversion efficiency
with expected values of more than 50%.
The combined heat and power production (CHP) is an alternative to heat production
alone. The split between the amount of electricity and heat produced is determined by the
design of the plant, but the normal value is about 35% electricity and 65% heat with a total
efficiency of about 90%.

5.6.3 Vehicle Fuel and Natural Gas Production
The utilization of biogas as vehicle fuel uses the same engine and vehicle
configuration as natural gas. Worldwide there are more than 3 million natural gas vehicles
and about 10,000 biogas driven cars and buses, demonstrating that the vehicle configuration
is not a problem for use of biogas as vehicle fuel [25]. However, the gas quality demands
are strict and so the raw biogas has to be upgraded. Carbon dioxide, hydrogen sulphide,
ammonia, particles, trace components and water have to be removed so that the product gas
has methane content above 95%.
A number of biogas upgrading technologies such as sele.xol, water absoiption,
chemical absorption and pressure swing absorption (PSA) have been developed for the
treatment of biogas.
Biogas can also be upgraded and injected into a natural gas pipeline. Compared with
other power generation alternatives, its capital cost is higher because of the treatment
required for CO2 and impurities removal. Furthermore, upgraded gas needs a significant
amount of compression to conform to the pipelines' pressure. However the biogas is the
only way to produce renewable natural gas and it can contribute to the security ol' gas
country supply, making the grid less vulnerable to any crisis.
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5.6.4 The Use of Biogas as Biofuel
According to a survey carried out in Sweden regarding the employment of biofuels
(not only biogas) some disadvantages have been pointed out, namely [60]:
the cost of these fuels is still higher than petrol and diesel ones,
there are some added costs for the separated distribution of these alternative
fuels, and actually the distribution system needs to be well developed,
engines need to be adapted and specifically designed,
special fuel tanks are needed and they actually increase the weight of the
vehicles and reduce driving range and cargo space [61 ],
a real fuel market needs to be created,
the achievable distance is generally shorter for gaseous fuelled vehicles.
Conversely the employment of biofuels gives huge, valuable benefits such as [60]:
'C it is a renewable fuel,
'C it allows to eliminate animal wastes as a potential environmental problem,
^ it is environmentally much cleaner than petrol derived products
The implementation of biogas as a fuel needs the linked development of an effective
distribution system. Using the biogas for local fleets would match cost savings from a nondilTused distribution system (as the one needed for private cars) to a more effective usage
of the renewable resource. Countries such as Denmark and Sweden, but also Germany,
f’rance, Italy and the United Kingdom, have already set industrial and business solutions to
implement biogas fuelled vehicles in their local bus, train or private car fleets.
A ranking study carried out in 1997 proposed the biogas at the top position (taking
into account the origin of fuel (biodiesel or fossil) and their environmental potential when
combusted), compared to ethanol, methanol, biofuels produced from biomass, and natural
gas (although it is not a biofuel) [60].

5.6.5 Production and Consumption Estimates

o

Biogas production from animal feedstock: 0.30-0.40 m-VKg VS [33, 62]

o

Biogas energy value = 22.66 M.l/m^ [33, 62, 63] - 60% of Cff4 (37.78 MJ/m^)

o

Parasitic thermal demand: given the heat capacity of water = 4.184 kJ/kg/°C and
a slurry water content of 90-95% the heat required is about 3765.6-3975 kJ/t
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vvastes/°C. From an environmental temperature of wastes from 10°C to 70°C
(pasteurization for health and safety reason) there is a gap of 60°C which in turn
means 0.238 GJ/t of waste. With a boiler efficiency of 90% the parasitic thermal
demand to waiTn up the feedstock is about 0.264GJ/t of waste [62].
o

Conversion factors from MJ/m^ to kW: 10V3600 (1 MJ = 10^ J, 1 hour = 3600
seconds); furthermore 1 kWh = 1 kJ * 1 hour

1 kWh = 3600 kJ = 3.6 MJ; 1

MWh = 3.6 GJ, 1 GWh = 3.6 TJ
o

Energy required from a CAD system (case of a Denmark plant): 46 kWh/t
(heating), 10 kWh/t (pumping and mixing), 0.75 kWh/m^ of CH4 (scrubbing and
compression) [62, 64]

o

Energetic value of CFl4-enriched biogas (97%) = 36.58 MJ/m^

o

Use of Cl 14-enriched biogas as transport fuel [65]: 100 1 of CH4-enriched biogas
fuel a car for 1 km. For CH4-enriched biogas (97% CFI4) = 36.58 MJ/Nm^ (1
Nm^ = 1000 1) —> 100 1 of Cl 14-enriched biogas = 0.1 Nm^ = 3.658 MJ ^ the
efficiency is 1 km/3.658 MJ = 0.27 km/MJ.

o

Fuel efficiency [66|:
Petrol - Volvo V70 bi-fuel = 0.3 km/MJ (9.8 km/1)
Cl 14-enriched biogas - Volvo V70 bi-fuel = 0.267 km/MJ (9.6 km/1)
Diesel - Volvo S60 = 0.32 km/MJ (13.17 km/l)
Cfl4-enriched biogas - Volvo S60 bi-fuel = 0.29 km/MJ (10 km/l)

5.7 AD Products: Digestate
5.7.1 Fibre
Biogas is only a small percentage of the final products from anaerobic digestion.
The remaining part in the digester alter the gas has been collected is the digestate and it can
be directly applied to the land or separated into a solid and a liquid fraction. Treatments for
this purpose include thickening of the watery mass (by gravitation, notation or centrifugal
concentration) and following dewatering (by filtration of centrifugation) [42].
The solid fraction, //6/*e, can be employed as soil conditioner or low grade fertilizer
and its most suitable usage (implemented in Denmark) is to give it back directly to the local
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farmers that provided animal waste. Fibre land-spreading does not require any specific
equipment except a small tractor and it is not neighbour-offensive in terms of odours
released. In some cases the fibre from AD can be used as an alternative to peat, although
the latter is actually nutrient-free [54].
To increase the fibre value as compost it is possible to further compost it
aerobically. An effective market development for the sale of fibre is strategic for the whole
success of an AD project and it is important for such a market to be local because long
transport distance would affect the business viability [54].
There are specific regulations regarding biosolids classification, designed to prevent
the risk of contaminations [42] which is definitely one of the most important issues for the
market success of the fibre; for instance the fecal coliform density has to be less than 1,000
Ml^N (most probable number) per gram dry weight and salmonella density less than 3 MPN
per gram dry weight (class A).

5.7.2 Liquor
The liquid phase {/itjuor) can be used as fertilizer because of its nutrients, or simply
for irrigation (the combination of the two words is called 'Tertigatioir') [42]. Its lower
viscosity makes it easier to spread and the mineral fonn of the nutrients make them readily
available to the plants [41]. However, as liquor contains particles it should not be used for
fertigation in greenhouses because it could block pipes. Since it contains nitrogen it should
be used only on certain locations and types of soil [54]. It should be applied as part of an
integrated fertilization program to ensure optimum nutrient supply to the plants.
Liquor can be stored in the same plant location; this procedure requires attention for
1 lealth and Safety reasons also because, while it is still warm, it continues to produce small
amounts of methane [54]. It needs to be stirred because of the possible sediments.
A pump system can be implemented for transportation if the usage location is not so
tar away from the plant itself, or the same tankers delivering the feedstock can be
employed, but they need to be thoroughly cleaned to avoid any contamination [54]. The
logistics of liquor (and in general digestate) transport is crucial from the economic point of
view because it can be quite expensive and affect the global process profitability [41 ].
Although liquor and fibre present some more logistic difficulties, they have a high
potential for generate income profits making the process economically viable.
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5.8 Environmental Issues Related to Anaerobic Digestion Plants
5.8.1 Visual Impact

Digesters and other buildings (storage, reception, offices) have a visual impact on
the landscape. Their size and number will depend on the projeef s scale and naturally the
bigger they are, the higher the impact. The volume of the digester is quite large and tanks as
high as about 10 m are very common. The visual impact of the whole plant can be
minimised if new buildings are grouped with existing farm buildings. Design devices such
as planting around the site and partial burial of the digester can reduce the visual impact.
Obviously more construction details could affect capital costs and the economic analysis of
the project. If the plant has to be connected to the electricity grid its visual impact will
increase and this is usually m.itigated by choosing the grid route in a proper way according
to the landscape geomorphology and sometimes underground solutions are considered.

5.8.2 Water and Ground Pollution
Slurry components can increase both phosphate and nitrate levels in freshwater
sources and these affect algal population growth [58]. Construction sites should be selected
so as to minimise risks of water pollution. It is important to avoid sites liable to Hooding,
with a high water table, where differential settlement is likely to occur, or also steeply
sloping sites. Sometimes it will be necessary to invest some money in “ground preparation’*
works to improve soil conditions or to minimise any potential risk [54].
AD plants can also pollute the soil around it. The potential non-control led spreading
of by-products from a digester can alter physical and chemical ground characteristics (for
instance consistency, plT, mechanical resistance, mineral level). All the parts at any level
linked to the process activities and existing in the industrial site have to be environmentally
monitored and speciilc I lealth & Safety prescriptions and rules have to be conducted.

5.8.3 Traffic, Noise, Odours

The transport of feedstock, of produced biogas and digestate increases road traffic
and requires good connections. Some road work w'ill probably be needed during the
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construction phase to carry all the machinery. Road quality affects transport costs thus
intluencing the whole success of the project and it is an important part of the environmental
impact on the local area; careful planning has to be dedicated to mateh costs saving and low
social and environmental impacts from traffic created around the AD plant.
Noise is an important Health & Safety topic and specific limits are imposed for
achieving workers’ safety and eomfort. Several mechanical components like pumps, mixers
and engines ean require particular protective measures (acoustic enclosures of appropriate
design or similar) to mitigate the annoyance procured. If the industrial site is close to a
built-up area, planning permission can be required from the local authorities and although it
is far away from them, surveys of noise propagation in the landscape can be carried out in
partieular in valuable natural areas. Mitigation measures like natural hedges (tree barriers)
can be employed (they are also a good solution for visual impact) around the work site.
Although the AD succeeds in reducing odour emissions from wastes by reducing
the BOD (biochemical oxygen demand) it cannot totally eliminate them especially when
the feedstock is moved or mixed. Potential problems have to be carefully faced by eorrect
site design, introducing ventilation systems and biotHters (for air recirculation) and
enclosing areas liable to nasty emissions.

5.8.4 Enviroiimental Pollution from Manure and Al) Plants Activities
A study [67] shows GHG emissions from manure (table 5.1). Air pollutants
produced by exereta and their digestion are mainly Cl I4, NH3, NO2. Methane is actually the
most dangerous as a green house gas because its global warming potential (GWP) is 21 (as
high as 21 times the heat-trapping capacity of CO2). The same index for NO2 is much
higher (310) but the quantity emitted is much less than methane.

1

Cattle
Pig
11 Liman

1

CH4 (kg/head/year)

1

15.854

1

CO2 (kg/head/year) ! NO2 (kg/head/year)
1315.2

12.164

430.1

1.437

51.6

0.131
1

0.057
0.016

Table 5.1 - Pollutant emissions from animals and humans
A global assessment of an AD plant has to eonsider the emissions produced since
the construction phase (they should be controlled and minimised). Air pollutants (and non
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renewable resource depletion) are produced from vehicles using conventional fossil fuels
and this should be taken into account in the whole assessment, fhe energy required to
transport feedstock and products needs to be balanced against the energy produced from the
AD process. For instance vehicles fuelled by the same biogas produced could be run.
Ammonia released by AD process can cause odour nuisance and health problems
and on a global basis, damage to vegetation and soil. Furthennore AD can be responsible
for various forms of air emissions, but at the same time capturing CH4 for generating
energy is a good measure for reducing pollutant emissions [68]. In the whole analysis the
pollutants produced have to be assessed against the emissions avoided. AD allows the
reduction of harming compounds emissions.
5.8.5 Green House Gases Emissions Mitigation from Digested Manure
A survey regarding the efficiency of the mitigation of GIIG emissions in the rearing
sector has been carried out [68j. A set of scenarios studied the digestion of manure (mixed
with straw or imported potatoes or other crops). The conditions of the model were:
o

Emission and costs for other feedstock production were neglected

o

Emissions and costs for transport were included (for potatoes and others)

o

The potatoes represented about 33% of the whole feedstock

o

fhe model took into account the fossil fuel amount needed for biogas
combustion and the electric power and thermal energy produced

o

I'he volume of the digester was calculated assuming mesophilic digestion
conditions (25 days for manure only, 30 days with co-mixing)

o

15% of the total biogas yields was considered derived from post-digestion

o

GFIG emissions during building works were not considered

o

Capital costs, labor costs for construction and operation, fossil fuel used
during the construction and interest payments were ineluded

o

The model took into account different options about usage (40 MWh) of the
energy produced to heat the same factory or total energy sale,

o The model estimated the effect of the digestion on reduction of mineral
fertilizer use. In general, the amount of manure applied is the quantity
providing the same level of N to the land.
Model calculations showed for some scenarios an increase of GHG emissions by up
to 24% but in most of them emissions were reduced by up to 96%. This result was achieved

by the direct change in gas emissions and by indirect reduction due to substitution of fossil
fuels. The extent of reduction depended on how much of the thermal energy produced was
used to substitute fossil fuels. Using all produced heat for this purpose rather than using a
part of the energy for heating reduced GHG emission on average by an additional 19%.
The scenarios of co-digestion with imported potatoes increased the Gl IG mitigation
effect significantly. The result also showed that the reduction of livestock density for
additional production of substrate could be an opportunity to increase methane yield.
The economic analysis showed that biogas production was viable mostly for bigger
farms (greater than 100 ha) or if co-digestion was implemented [681.
Another study [69] reports that although AD is primarily implemented for energy
purposes and the improvement of manure quality represents a by-product, this technology
significantly reduces emissions (table 5.2).
Nfl3 emissions in digested cattle manure are slightly higher than in untreated
manure but much less than for all the other assessed treatments, namely separation, use of a
straw cover and aeration. None of the treatments considered can effectively reduce NH3
emissions but at least AD increases them of only about 1.3%. Conversely CH4 emissions
show that digestion is the best option. NO^ total emissions are higher if compared to
separation or no-treatment option but significantly less than other forms of treatments.
Comparing the results in terms of kg of CO2 equivalent per m^ of slurry it is possible to
conclude that anaerobic digestion is the best option [69].

Untreated
1

Digested

Separated

Straw cover |

Aerated

229.9

402.9

320.4

422.6

i

Nll3(*)

226.8

CH4(*)

4047.0

1344.6

2363.3

4926.3

1739.3

N02(*)

24.0

31.2

28.6

52.5

54.2

CO-, equivalent (□)

92.40

37.89

58.5

119.73

53.32

(*) all quantities are measured in (g / m-^ slumy) — (□) Kg of COt equivalent / m^ sluiry
Table 5.2 - emissions comparison among different manure treatments
5.8.6 Air Emissions Analysis

The following calculus calculates the comparison regarding CO2 emissions between
the Anaerobic Digestion treatment and the no-treatment option on manure.
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Combustion 1

biogas (55 % Cl (4 and 45% CO^) =

0.55 nvCl l4 + 0.45m3 00^ =
(liven the density of CH4 = 0.714 kg/ m^, density of CO^ = 1.96 kg/ m^
0.3927 kg CH4 + 0.882 kg CO. =
3'aking into aceount the combustion reaction of methane (in tliis hypothesis it goes to
completion):

CH4 + 20. = CO. + 211.0

(liven the molecular weight of the substances:
Cl I4 molecular weight = 16 g, CO. molecular weight = 44 g
The ratio is:

1 kg of CH4 reacts with 2.75 kg of C()2

And the product of the reaction is:
0.3927 kg CH4 is transformed into 1.080 kg CO.
fhe total amount of CO. produced in the reaction, considering full consumption of CII4, is
equal to 1.080 kg + 0.882 kg =

1,962 kg CO2

No treatment option for 1 m^ biogas (55 % Cl I4 and 45% CO.) =
0.55 nv CII4 + 0.45 nC CO. =
faking into account the same density values:
0.3927 kg CH4 + 0.882 kg CO. =
The Global Warming Potential (GWP) CII4 is = 21
Then 0.3927 kg CII4 are equivalent to 8.2467 kg CO.
The total amount of CO. produced with no treatment option is equal to 8.2467 kg + 0.882
kg=

9.1287 kg CO.

The digestate obtained from AD process can replace chemical products, avoiding
emissions linked to their production. Some data are below displayed [58]:
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N Content ofdigestate:
hypothesis of a nitrogen content of the slurry of 4% (by mass)
1 ton of slurry provides digestate with an average content of 40 kg of N
hypothesis of a digested slurry N efficiency of 35%
1 ton of slurry provides digestate suitable to replace 14 kg of synthetic N
Taking into account the production price of 0.12 € / Kg of synthetic N
Money saved for fertilizer supply = 1.7 €
Taking into account the value of 34 kg of

emissions per kg of fertilizer produced
Avoided Emissions = 476 kg of N^O

Taking into account the value of 86.4 GJ of energy required per ton of fertilizer produced
(1 MWh = 3.6 GJ, 1 ton = 1000 kg)
Energy saved = 0.33 MWli

5.9 Health Issues and Contamination Risk
A critical environmental aspect of AI3 plant management is the risk control of
contamination and the handling of hazardous components. For instance copper (Cu) and
zinc (Zn) are sometimes used in pig feed to increase their growth by accelerating food
conversion rates [58]. Metals present in the feedstock (lead, cadmium, mercury, arsenic,
barium, chromium, copper, zinc) and transferred to the digestate are involved in the food
chain and could be very dangerous for human health (in particular if accumulated) [23].
The same components can also cause histological, morphological and biological changes in
tissues of aquatic organisms if transferred to the liquor or discharged in freshwater [23].
Unfortunately it is not so technically efficient and economically feasible to perform
a high quality screening control of these components. It is now common to introduce an
aerobic post-treatment of the digestate associated to AD.
In many industrial lay-outs, pasteurization of feedstock is compulsory to ensure
contamination risk control. Pathogens are responsible for various diseases and therefore it
is important to ensure their elimination below a risk threshold.
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5.10 Socio-Economic Analysis
5.10.1 Economic Assessment of AD Industrial Projects
The production of biogas through anaerobic digestion generally has a favorable
outlook because it is a 'green’ treatment method and it has been subsidised by many EU
R&D projects. Nevertheless some technical and economic factors can hamper the
successful development of an industrial project. There are six factors typically determining
the economic profitability of any scheme [46, 54]:
1. the availability of feedstock and security of supply
2. the opportunities for marketing the liquor (especially in nitrate vulnerable areas)
3. the opportunities for marketing the fibre
4. the possibilities for marketing the produced heat and power (in whatever form)
5. the access to the national gas/electricity grid or any other connection to final energy
users
6. transport costs and logistics
furthermore the llnancial support from institutional bodies has to be considered.
Some other factors affecting the economic feasibility of an AD project are waste quality,
site speciilc circumstances, energy prices and taxes, energy purchase tariffs, costs and taxes
of alternatives, national policy, land prices and local labour costs [61J.
For the project to be economically viable the break even point has to be reached.
Industrial organic wastes are accepted from AD plants principally for this purpose. A study
[70] analyzed the break even point achievement as function of the plant size. Although
these results are valid under local operational conditions they show a qualitative
relationship between these factors. With the specific hypothesis of production of 75 m^
biogas per m^ of organic waste, 22 m^ per m^ of slurry, biogas sale price of 0.27 €/m^ and
not including any investment grants, the minimum percentage of organic industrial wastes
to reach the break even point is shown in table 5.3.

Daily treatment capacity (m^)

300

500

800

Mixture of industrial organic wastes

21 %

13%

10%

Table 5.3 - minimum percentage of organic industrial wastes
to reach the break even point in Danish AD plants
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Economies of scale are important to aehieve the break even point (table 5.4) [70].
Daily treatment capaeity (m^)
Specific biogas production (*)
(*) = (in^ of biogas per

300

500

800

34

27

25

of biomass)

Table 5.4 - speeifie biogas production to reach the break even point in Danish AD plants
5.10.2 Main AD Financial Costs

The main financial costs of an AD project include capital costs, project
development eosts and training eosts [54].
Capital eosts inelude equipment, landscaping and construction works. The
investment is obviously proportional to the plant size; a survey [54] indicates values
between 4800 and 11200 € per kWe of electricity generating capaeity. Aecording to the
same report a small AD plant (digester of 150 m^ using exereta from 1000 pigs or 100 head
of eattle and of 10 kWe eapaeity) eould cost for instance 96,000 - 112,000 €. Conversely a
C’AD plant of 1 MWe capaeity (digester of 10,000 m^) could cost 4.8 - 6.4 Mil € [54].
Project development costs include planning, technieal and legal eonsultants’ jobs,
financial costs, or any other expenses related to licenses or aecess to utilities like electric
grid or waste taxes for instanee [541.
Running costs are extremely affeeted by the size and the operational conditions of
the plant. They eomprise any staff and human resource costs, insurances, transport costs,
annual fees, maintenance and operating voiees. They could vary between 11200 and 16000
€/y for an on-farm plant but raise to 160,000 € and more for a CAD site [54]. Among the
specitle running costs are the training costs for people working in the plant.
A checklist for only the proeess running costs can be the following [47]:
^ housing and storing costs (actually not on behalf of the AD plant),
collection costs (actually not on behalf of the AD plant),
pre-proeessing and screening costs,
anaerobic digestion,
post-processing,
energy production (scrubbing, cleaning, heat recovery and other needed steps),
liquid phase handling and irrigation,
solid disposal.
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Upgrading biogas is an important cost factor. Typical costs for an upgrading plant
treating 200m3 per hour of raw gas are in the order of 1.5 €cents per kWh [71].
A study [70] points out the economy of scale deriving from plant size. Data
displayed in table 5.5 show that although large plants have higher transport costs (due to the
increased distance and number of suppliers) they present decreased specific (per unit of
treated biomass) costs.
Daily treatment capacity (m^)

300

500

800

Investment costs (*)
Total production costs (*)

54.5
9.29
2.16

43.74

36.60
7.13
2.42

- Transport (*)
- Running costs (*)

7.13

7.67
2.16
5.51

4.71

(*) = €/m^ biomass treated per year
Table 5.5 - economy scale in Danish AD plants
5.10.3 Main Incomes of AD Plants
Income of an AD plant will derive from energy and digestate sales. The former can
be sold in the form of heat or electricity (according to the plant design) whereas the latter
embraces fibre and liquor (according to British Biogen the fibre could be worth about l5/€
ton [58]). It is crucial to develop a market for all the products for the project to be
economically viable. In certain cases the sale of the renewable form of energy can receive
some form of fiscal exemption and so increases its revenue.
Other incomes can be provided from gate fees; they are usually applied to industrial
wastes and are one of the main reasons for the success of the CAD design. Gate fees
received from industrial plants partially cover transport and operation costs. In Swedish
plants a usual value for gate fees is 12€/ton wastes [62].
AD projects are intensive capital investments so they likely need an external
financial source. In some countries this is provided by the government or other institutional
bodies while in other cases from private financial bodies.
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5.10.4 Externalities
Socio-economic impact studies are commonly used to economically assess a
project. There are indeed some aspects of the project intimately related to social, cultural
and environmental issues not always easily quantifiable by economic indices. Therefore
they are often precluded from the majority of impact assessments even though they are very
significant at the local level [721. The full economic analysis of a project should consider
these “externalities'’. In these terms the socio-environmental benefits such as pollution
mitigation, green house gas emissions reduction and the other effects on the ground water
should be quantified and “internalized" as part of the whole project assessment.
A study [70] sets the economic analysis on four levels; the first evaluates only the
energy production from the plant, capital investments and maintenance for it, as well as
investments and costs associated to the feedstock transport. The second level quantifies the
benetlts to agriculture and industry (savings related to waste treatment, value of improved
fertilizer quality, savings related to the handling, storage and distribution of manure
produced), fhe third level encompasses the environmental externalities (value of GHG
emissions reduction, value of reduced N-eutrophication of ground water). The last (fourth)
level takes into account a monetised value of reduced obnoxious smells.
Other factors like increased agricultural llexibility and farm productivity associated
to the biogas plant, the effects for the security of energy supplies, the increased security
regarding diseases contamination and employment effects can be considered [70].
Another study [73] specifies values to monetise externalities for an AD plant project
(plant size 550 t/day). Data are obviously affected by the local context but some of them
can be applied to the Irish analysis (table 5.6).
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Internalized voice

Monetizing value

Agriculture externalities
Storage savings for liquid manure

0.13 €/ton treated

Transport savings for liquid manure

0.07 €/ton treated

Value of improved fertilizer value (NPK)

0.73 €/ton treated

Value of reduced obnoxious smells

0.67 €/ton treated

Industrial extemalities
Saving related to organic waste treatment

16.82 €/ton waste treated

Environmental externalities
Value of GHG reduction (CO2, CH4, N2O)

3.01 €/ton treated

Value of reduced N-eutrophication of ground water

0.39 €/ton treated

Table 5.6 - monetized extemalities for a mec ium size Danish plant
The monetisation of GHG emissions is very difficult and considerably uncertain.
For instance the Danish Energy Administration uses a value of 33.6 €/ton CO2 equivalent,
whereas another European report indicates a range between 30 (short term aim reduction)
and 20 (long term aim reduction) €/ton COo equivalent.
A study |58J shows that although strict economic analysis is not positive for AD
projects, if environmental benefits are internalized the technology appears economically
viable. Considering the Net Present Value (NPV) of the project (a monetary level over
which it is not convenient to invest in a project), it improved by more than 35 times
internalizing the environmental benefits, so making the AD project dramatically more
viable.

5.11 Final Considerations Regarding Benefits from AD Technology
In the following, AD benefits are divided into four main areas: technical benefits,
environmental benefits, agricultural benefits and socio-economic benefits.

Techmeal benefits:
Replacing chemical fertilizer, energy savings for their production is achieved [41 ]
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AD provides renewable energy in the form of biogas with no net increase of
pollutant emissions of carbon and displacing the use of finite fossil fuels
^ If biogas is upgraded into transport fuel, the sound level generated by methanepowered engines is generally lower than other models; this is particularly beneficial
in urban environments. Also emissions from this kind of engine is much lower than
standard models [61]
Environmental benefits:
^ AD offers an opportunity to reduce odour
AD can reduce nitrate pollution of water with better control of nutrient application
AD can control methane emissions from slurries more effectively than other forms
of waste management
^ Gl IG (CO2, Cfl4, N2O) emissions arc avoided producing a renewable energy
AD provides a viable solution for waste management problems
Agricultural benefits:
^ AD can reduce the risk of contamination and diseases from bacteria and pathogens
^ The AD management system (if organized to a centralised level for a local area) can
definitely provide savings for the farmers on the purchase of fertilizer, on sluiTy
storage and transport [41 ]
By mixing cattle manure (high in potassium) and pig manure (high in phosphorus)
the fertilizer value is improved. Furthermore nutrient content of digestate is more
constant, allowing a more precise use and avoiding useless suiplus.
AD can support organic fanning if implemented as part of an integrated system

Socio-economic benefits:
AD can be economically profitable if a good market for all the products (energy,
liquor, fibre) is developed. At the same time it offers savings because of the on-site
usage of products, avoiding production and transport costs of fertilizer and energy
Liquor is easier to pump than slurry; its handling and transportation costs are
reduced. It can be spread by using normal farm equipment without any heavy and
expansive machinery
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Beyond opportunities of financial grants to develop these kinds of projects, AD
contributes to create economic viability of farmers" activities, strengthening the
local economy of rural areas and providing jobs
AD offers a solution for meeting more and more stringent new public and European
regulations regarding health and safety issues and environmental concerns
In macro-economic terms, AD (as all the forms of bioenergy), beyond providing
regional economic development, ensures energy supply and diversification [72] and
this is a very important issue in energy importing states like Ireland
In industrial terms an AD project would stimulate infrastructure improvement,
enhanced competitiveness and productivity. It could become also support for other
induced economic and industrial investments [72].
Regarding indirect economic benefits, with biogas used as fuel many fleet operators
have reported a savings of 40-50% in vehicle maintenance costs because the gas
bums very cleanly [61].
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Chapter 6 - Database of Livestock and Slaughterhouses in
Ireland

6.1 Introduction: Contents and Aims of the Chapter

rhis chapter is a detailed guide to the first part of the software package, the main
outcome of the present research. The assessment of Irish energy potential begins with a
challenging collection of data regarding livestock and slaughterhouses throughout the
country.
I'he database was developed within the Excel software suite and it is divided into
two different files. The first of the following sections explains how the database is
structured, giving some general comments.
Section 6.3 guides the user through the 13 spreadsheets of the livestock database,
showing its contents and all the formula used, whereas section 6.4 focuses on the six Excel
pages of the slaughterhouse database.
fhe aim of this chapter is to enable the user of the software package, specifically the
database, to get all the necessary information and know each detail contained in it.
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6.2 The Database
Microsoft Office Excel has been used to develop a database. This software package
is formed by two files, each of them depicting a specific topic.
The two main sections (and files) are “livestock'’ and “abattoir’. The first part
(livestock) regards the distribution of animals on the Irish territory whereas the second
focuses on the slaughterhouse activities.
Statistical algorithms are implemented for some data. Particularly in the
spreadsheets regarding IPPC licensed activities data, a green mark has been used for “field
data” obtained from 2005 environmental annual reports whereas all the others are
calculated using mathematical and statistical formula.
In the following sections the database is fully explained. A specifie subheading is
used for each spreadsheet of the files to allow for easier reading.

6.3 The Livestock Database
6.3.1 Introduction
The first Excel file is called “Livestock Ireland”, fhe first spreadsheet (fig. 6.1) is
an index of all the other following tables. A note just below the main title reminds us that
this database focuses on pigs and cattle. This is mainly due to the availability of these
animals in Ireland linked to their good produetion potential in terms of excreta produced
and in terms of biogas potential production.
The number of pages on the left is colored in blue (hyper-text) because it is possible
to click on them to move directly to the corresponding spreadsheet.

6.3.2 Livestock National Numbers

The second spreadsheet (fig. 6.2) shows national numbers of livestock in Ireland
(CSO source) pointing out a slight decreasing tendency in the last few years. It seems that
the farm activities are going through a sort of industrialization, whereas larger activities can
increase their market activities against the smaller farms, which disappear.
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iDaqe 2

Livestock National Numbers

'

iDaqe 3

County Distribution Livestock in 2000

i

ipage4

Cattle County Data from Census 2000

'

Fig 6.1 - Spreadsheet
<lntroduction> of the
Livestock Database

'oaqe 5

Cattle DED Data from Census 2000

,

ipaqe 6

County Data Distribution of Cattle in 2005

i

ipaqe 7

Corrective Factors Algorithm for Cattle Data '

•qaqe 8

DED Projections for Cattle 2005 Distribution |

■oaqe 9

Pig County Distribution 2000

|

(Oaqe 10

Pig County Number Variation 2000-2005

i

loaqe 11

Pig County Distribution Projections 2001

'

'oaqe 12

IPPC Licenced Pig Farm Data - Class 6.2.0

|

■paqe 13

Production Factors for Pig Data - Class 6.2.0 i

Fig

6.2

Spreadsheet

<

Livestock
national
numbers>
the

of

Livestock

Database

head

2000000

Cattle
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Evidence suggests that the average livestock farm is increasing in size and larger
concentrated activities are displacing smaller geographically dispersed farms. This is
advantageous tor a biogas industry and associated transport of slurry. It is possible to
conclude that, regarding this specific aspect, the general slight decrease of livestock is not a
strong threat for the implementation of Anaerobic Digestion strategy in Ireland’s future
scenario but instead brings a better concentration of feedstock.
In the second Excel page, beyond cattle and pigs, sheep, goats and poultry are
reported. With the due care for biochemical issues, the presence of other manure sources
can only benefit the efficiency of the process, the environmental management of the local
area and the whole economic appraisal of the plant.
The smaller number of pigs against cattle is balanced from the availability during
the whole year round and from a higher fat content which provides the process with a better
biogas specific production.

6.3.3 County Distribution Livestock
Kerry
Galway
Dublin
Donegal
Cork
Clare
Cavan
Carlow

Head
Fig 6.3 - Spreadsheet <County Distribution Livestock> of the Livestock Database

llie third spreadsheet shows the County Distribution of Livestock in 2000 for cattle,
pigs and sheep (fig 6.3).

6.3.4 Cattle County Data CENSUS2000
The fourth spreadsheet (Fig. 6.4) focuses on Cattle County Distribution in 2000.
The source is the CSO Census 2000.
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300000
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750000

900000

1050000

head

Fig 6.4 - Cattle County Distribution

6.3.5 Detailed Data CENSIIS2000

The fifth Excel page (fig. 6.5) contains detailed cattle distribution in 2000 at District
Electoral Division (DED) level. Some sporadic blank cells are due to missed data in the
CSO source. The number in the orange panel (6995787) indicates the total number of cattle
registered in Ireland in 2000.
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CARLOW
01003
01004
01005
01006
01007
01008

DED
Clonmore
Hacketstown
Haroidstown
Kineagh
Rahiii
Rathvilly

Total Cattle
3730
2891
1511
2393
2383
835

18322
Kiicronat
18323 Ktlleagh (Youghal No.1 Rd)
18324
Kilmacdonogh
18325
Youghal^ Rur|l^ _(Pt.)

1794
4965
2745
2143

Fig 6.5 - Excerpts from Cattle DED data Census 2000

6.3.6 County Data 2005
400000

Fig 6.6 - E.xcerpt from Cattle County data 2005
I'he sixth spreadsheet, entirely developed by using data from DAF [74], displays
Cattle County Distribution in 2005. Data are grouped per age range.
In the attached colorful graph (fig. 6.6) it is possible to see what counties have more
animals (positioned along the vertical axis) and what percentage of animals they have out
of the whole number of registered cattle (circle radius length). In this table (and related
graph) Tipperary is not divided into the two usual parts (North and South).

6.3.7 Corrective Factors Algorithm

DED detailed data on cattle distribution in 2005 is not available. In the spreadsheet
seven correetive factors are calculated (fig. 6.7). They are applied to DED 2000 data to
obtain statistical projections of DED 2005 cattle distribution.
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Carlow
Cavan
Clare
Cork
Donegal
Dublin

50
91
151
311
145
24

92718
246676
314682
1023268
187721
26021

96763
229728
280836
964464
184716
24833

4045
-16948
-33846
-58804
-3005
-1188

80
-187
-225
-190
-21
-50

F"ig 6.7 - Excerpt from Corrective factors calculation
County values in 2000 and in 2005 and DED 2000 data are known. For each county
is then possible to calculate the difference between the two years: this number represents
the famous mathematical quantity delta (A), fo share it among the counties the hypothesis
is that where there were more animals in 2000 there should be a greater variation so the
whole difference A is distributed according to counties' “weights" (Box 6.1). This
algorithm is also synthetically reported in the Excel spreadsheet.

Box 6.1 — Corrective factors Formulae for Cattle data
Weight of each DED:
County Weight = (DED 2000 data) / Total 2000 County data
Expected variation of the DED data between 2000 and 2005:
Variation = A * County Weight
A = County data 2005 - County data 2000
DED 2005 statistical projection:
DED 2005 data = DED 2000 data + Variation
1 herefore:
DED 2005 data = DED 2000 data * [ 1 + A / fotal 2000 County data]
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6.3.8 Projection Data 2005
Given the previous calculation, it is possible to estimate DED data for cattle
livestock distribution in 2005. These numbers are reported in the eight pages of the file.

6.3.9 Pigs County Data 2000
Donegal
I

Cork
Clare
Cavan
Carlow
(3

75(300

1 50 000

225000

300000

375000

Fig 6.8 - Excerpt from Pigs County data 2000
Spreadsheet number 9 shows Pigs County distribution in 2000 (tig. 6.8).

6.3.10 Pigs Corrective Factors

Carlow
Cavan
Clare
Cork
Donegal
Dublin
Galway

20839
374608
15143
364080
39385
43
7804

1.210
21.753
0.879
21.142
2.287
0.002
0.453

—>■

-j.

-496
-8920
-361
-8670
-938
-1
-186

Fig 6.9 - Exceipt from Pigs corrective factors

Spreadsheet number ten (fig. 6.9) uses the same algorithm shown in Box 6.1 applied
to estimation of pigs county data in 2005. The national number in 2005 is broken down into
27 regions (Box 6.2). The hypothesis is that the higher the number in 2000, the higher the
variation in the period 2000-2005, so the whole difference (a decrease of 41,008 units) is
spread among the counties proportionally to their pig numbers in 2000. The last column of
the table (tig. 6.9) displays the variation for each county estimated in 2005.

Box 6.2 - Corrective factors Formulae for Pig data
I'otai Variation = A = National data 2005 - National data 2000
Weight = (County 2000 data) / (National 2000 data)
The expected County variation is given by:
Variation = A * weight
The 2005 statistical projection is calculated by:
County 2005 data = County 2000 data + Variation
Summarizing:
County 2005 data = County 2000 data * [ 1+ A / National 2000 data]

6.3.11 Pigs County Data 2005
The eleventh spreadsheet, using the previous algorithm, calculates statistical
projections for Pig County distribution in 2005. The graph (fig. 6.10) shows the ‘"top
counties”. Ihe x-axis position is linked to the alphabetical order in which counties are
represented. Furthermore, between Donegal and Galway it is not possible to see Dublin
because with an estimated number of pigs close to 42 units it is invisible on the graph.
Conversely the two big circles on the left part of the graph depict the important “pig share”
of Counties Cork and Cavan (21.14% and 21.75% out of the total in Ireland).

Fig 6.10- Excerpt from Pig County data 2005
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6.3.12 Pig Rearing Licensed Farms
Spreadsheet 12 of this livestoek database file eontains pig fann data referred to
IPPC licensed activities. They represent about 40-45% of the total number of pigs in
Ireland but are practically more interesting because linked to "larger” activities that need an
IPPC license because of their dimension.
The definition of category section 6.2.0 is: The rearing of pigs in installations,
whether within the same complex or within 100 metres of the same complex, where the
capacity exceeds: 750 places for sows in a breeding unit, or 285 places for sows in an
integrated unit, or 2,000 places for production pigs. In this paragraph, 'breeding unit' means
a piggery in which pigs are bred and reared to up to 30kg in weight; 'integrated unit' means
a piggery in which pigs are bred and reared for slaughter; 'production pig' means any pig
over 30kg in weight which is being fattened for slaughter; 'sow' means a female pig after its
first farrowing [75|.
1'he relevant information is divided into four sections: the first contains data-like
numbers of applications according to the new (since July 2006) EPA code system, applicant
name, county of location, farm address and its status and the date of final issue.
fhe second section reports the number of animals reared in the installations,
grouped according the EPA classification (Earrowing / suckling sows. Dry sows. Maiden
gilts. Boars, Weaners, Finishers).
For

SECOND SECriON

these

data

two

different sources have been used,
Maiden Gilts

Boars

identified

with

different

cell

colors (the same criteria are used
throughout the Excel package).
White cells refer to data available
on the EPA web site (document
attached to
(fig.

6.11):

IPPC applications)
those

numbers

represent the maximum for which
the license has been obtained from
Fig 6.11 - Excerpt from IPPC licensed Pigs farms

the owners (farmers could not
exceed those amounts of pigs).

To improve the quality of data all the environmental enforcement offices located in
Inniscara, Wexford, Dublin and Castlebar have been visited and field data from the last
available (2005) environmental annual report have been inserted. Cells containing them are
marked in light green (fig. 6.11 ).
The third and fourth sections are the most

THIRD SECTION

important for energy potential analysis. The total

_ . . ,
flushed slurry
, , ,
(ma/y)

number of pigs registered, of slurry and carcasses

....
total pigs

^671
8450'
5869

I

'^^''17371-.

carcass/
.
hazardous
, ,,, ,
waste (t/y)

7395
15371
9637
2500

produced (according to the EPA estimations)
every year are reported. Some notices are needed
to comment on this group of data.
The column ''total pigs'’ (fig. 6.12 - third

Fig 6.12 - Excerpt from IPPC

section) has some green marked cells; they

licensed Pi os farms

indicate numbers reported in the last (2005)
environmental

annual

report

filed

from

the

farmers for the EiPA authority, fo all the other data a corrective factor of 10% has been
introduced to reduce the total number of pigs. This value has been chosen after consulting
the environmental reports and it was noticed that the current 2005 numbers were about 90%
of the respective ones declared in the license documents. To point out these estimated data
a yellow marker has been used.
In the second column of the third section (fig. 6.12)

FOURTH SECTION

and in the first of the following one (fig. 6.13) the slurry
produced is reported. Green marked cells are data found in
the last environmental annual reports so they should be
ver> close to the real current (2005) production.
White cells indicate data available on the EPA web
site (attachments of application documents). An algorithm
has been implemented in the following spreadsheet of this
livestock database (see next section "13

production

f ig 6.13 - Excerpt
from IPPC licensed
Pics farms

factors”) to correct white cells’ data regarding slurry production (because white , as already
specified, could represent a maximum value but real data could be lower). Those
estimations are displayed in the fourth section with yellow cells; they are used instead of
the original data only when the formula obtains a lower value of slurry production,
otherwise the EPA web site is left (white cells).

84

riie last (third) column of the third section and the second column of the fourth
section contain data about carcasses produced (tons per year). The use of colours is the
same so green eel Is report data extrapolated from the environmental annual report (2005),
white cells display data found on public web doeuments, and finally the yellow eells (being
missed) are caleulated using an algorithm developed (and explained) in the following
spreadsheet.

6.3.13 Production Factors
This Excel page contains two algorithms to calculate corrective factors implemented
to estimate missed data in the previous section. Only green marked data are used to
calculate those factors (in total 14 IPPC licensed activities). Furthermore, data were
considered acceptable only if both data of first and second sections of the previous
spreadsheet 12 were found in the same report (to ensure their correct ratio). Using these
data, the aim is to calculate slurry production of a single pig in one year (m Vy/hcad) and the
corrective factor to estimate carcass production (t/y/hcad) in a farm.
To calculate the slurry production.
maximum:
minimum:
avarage:

2.071
1.179
1.717

1.179
1.373
1.394
'M 1.695
,>'1.737 < ■

i

' |j

the specific slurry estimate has firstly been
calculated by the following formula:
Specific production = Total Hushed
slurry / total pigs

1.774 "
rt.803

5-007
2,.071i

A mathematical average (fig. 6.14)
of this quantity has been calculated but to
improve the reliability of the result only a
restricted set of ratio sluiry/total has been
chosen (brown cells): they are the most

I'ig 6.14 - Excerpt from corrective
factors calculation

recurrent values (in the range 1.7 - 1.8).
The

final

average

obtained

is

1.76

(m^/y/head).
Using this corrective factor in the 6.3.12, Hushed slurry produced in the last year
from IPPC licensed activities in Ireland is estimated (Box 6.3):
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Box 6.3 - Specitlc Slurry production estimation
Slurry = (sum ofdiffercnt kind of pigs) * 0.9 * 1.76

[mVy]

The corrective factor for missing carcass data is obtained in a similar way (fig.
6.15).

Assuming the correlation between

can^sproductton:
maximum;
minimum;
avarage;

(2^46

the number of pigs and carcasses produced

2.281
6.518

is valid and does not have a distribution as
peculiar as the previous one (which pointed
out the most common values), the only
acceptable

statistical

projection

is the

mathematical average. To improve in a
^8.411

8.458
|9.031#

12.946

conservative way the e.xtrapolation, it is
possible to ‘lake out” the most external
data (like an extreme and unusual event)
and for this reason only the six central data
(brown marked) of the series ordered

Fig 6.15 - Excerpt from collective
factors calculation

according a crescent criterion are used.
Obtaining the mathematical average
of only these numbers (equal to 6.51

kg/y/head), it is possible to estimate the amount of carcasses produced in each farm during
the last year 2005. Worked out data are in the second column of the fourth section (yellow
marked) of 6.3.12 and the formula used is the following in Box 6.4:

Box 6.4 - coiTective factor for carcass production estimation

Calculated carcass amount = corrected total pigs * 6.51

Carcass produced = (sum of different kind of pigs) * 0.9 * 6.51

[kg/y]
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6.4. The Abattoir Database
6.4.1 Introduction

The second file of
this

database

is

named

“Abattoir Ireland'’. It focuses
on

slaughtering

Daae 2

National Slaughtering Data

paae 3

Local Abattoirs

paae 4

Beef Kill in Export Approved Plants

paqe 5

IPPC Licenced Slaughterhouses

paae 6

Calculation for Missing Data

waste

produced throughout the

Fig 6.16- Introduction

country.

rhc first (fig. 6.16) spreadsheet is the index of the whole database and contains the
hypertexts to the other ilve pages.

6.4.2 National Slaughtering Data
I he second spreadsheet reports various general data regarding Irish slaughtering
activities. The Urst three boxes show animal disposal data (pigs, cattle, sheep) for years
2004 and 2005 (fig. 6.17).

f

■ 'g
Irish sheep Dis SOSalSji aUUO Vs 20041 *000 head)
2004
3,669
3229
105
335

Total
export meat plants
live exports
local abattoirs

2005
3,710
3280
95
335

% Change
1.1
1.6
-10
0

sheepmeat produced (2005)
export meat plants
local abattoirs

69,500 t
8,000 t

Fig. 6.17 - Excerpt from slaughtering national numbers

The following table shows the production seasonality of abattoir activities (tig.
6.18); it is possible to notice the high difference along the whole year during 1990, and how
this tendency is completely different in the last years. This data is quite interesting because
it confirms that there are no huge oscillations in feedstock (for the AD plant) production
along the year round.
I'he last box displays national data (for 2004 and 2005) of slaughtered animals,
tonnes of carcasses produced and average weight of animal carcasses (fig. 6.19).
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quarter

units

1
2
3
4

{%)
(%)
(%)
(%)

Total

1990
17
17
26
40
100

2004
24
21
25
30
100

2005
23
23
26
28
100

Fig 6.18 - Seasonal Production

2004 ^
2710000
1814000
3565400

pigs
cattle
sheep

2647100
1684900
3613100

2004
204300
563500
71800

2005 '
205200
545900
73300

2004^
75.39
310.64
20.14

2005
77.52
324.00
20.29

Fig 6.19 - Slaughterings
6.4.3 Local Abattoirs
I he third Exeel page depiets a full list of abattoirs under local authority control.
I hey are not large enough (in terms of animals killed) to require an IPPC license, fhose
438 facilities are grouped per county.
fhe columns give information about the county where they are located, the name of
the owner (2005) and the address, fhere is another section where numbers of animals
slaughtered are indicated, fhese are cattle, pigs, sheep, others (ostrich, deer, chicken and
turkeys). Some Local Authorities did not disclose those data.

6.4.4 Beef Kill
Spreadsheet number 4 contains data collected from DAF offices about cattle
slaughtered during year 2004 (tig. 6.20). Due to different sources, the total number is
slightly different from the other one indicated in the first spreadsheet. Nevertheless it
represents a reliable description of cattle killed in 35 approved export plants in Ireland. The
list is presented according to the county location and alphabetical order of the plant name.
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FACTORY

COUNTY

Ballon Meats
Liffey Meats Ballyjamesduff
Tara Farm Food, Mullagh

Carlow
Cavan
Cavan

NUMBER

COUNTY
TOTAL

15036

15036

102022
7479

109501

Fig 6.20 - excerpt from Beef Kill 2004

6.4.5 IPPC Licensed Abattoir
The fifth spreadsheet deals with IPPC licensed slaughterhouses in Ireland. These
activities belong to the class 7.4.0 whose definition is: “The slaughter of animals in
installations where the daily capacity exceeds 1,500 units and where units have the
following equivalents: 1 sheep = 1 unit, 1 pig = 2 units, 1 head of cattle = 5 units'’.
In the first section (tig 6.21 - general data), the application EPA code, the
applicant’s name, the address and the issued data are reported. A column with beef killed
follows; this is imported from the previous spreadsheet (where numbers are available).
FIRST SECTI^I^: GENERi^ DATA

P0047-02

Slaney Foods Limited , Slaney
Foods International Limited and

Wexford

Ryland, Bunclody

Fig 6.21 - excerpt from first section of IPPC licensed abattoir data
The second section contains detailed data about carcass wastes produced. In
particular the following specific data are listed: Paunch, Blood, SRM (Specified risk
material), Sludge, Bones, Offal, Hides, Tallow and the Total (tig 6.22).

SECOND SECTION: ESTIMATED, WASTE PRODUCED (t/y)

:^54 471 ; 554^.018

21733.51

^490.661 j 46797.67

Fig 6.22 - excerpt from second section of IPPC licensed abattoir data
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Filled cells (unless those missing data) are green or yellow coloured. The meaning
oF' the colors is as the same as before: green cells report data collected from the 2005
environmental reports Filled by licensed farms. These reports are available in one of the
visited ERA offices of Inniscara, Wexford, Dublin or Castlebar. Yellow cells display data
estimated using an algorithm implemented and explained in the next spreadsheet, because
they are not available on the environmental yearly reports.

6.4.6 Calculation for Wastes Data
'The last Excel page of this database develops the algorithm for estimating missing
data (from the environmental reports). Firstly data Found on 2005 environmental reports
(green cells) are displayed (fig. 6.23).

SECOND SECTION: WASTE PRODUCED (It/y)

Fig 6.23 - Excerpt t'rom calculation For wastes data (t/y)
I'his section points out all the green cells because the hypotliesis assumed for the
F'ollowing calculation is that “’estimation factors"' to compute missing data can be based
only on field data. Among these numbers, only data from Five applications are chosen for
the algorithm, because the whole range of data from the last environmental report was
available. This choice is due to the necessity to calculate the arithmetic average For each
element (paunch, blood, SRM, etc.) and this step is statistically acceptable only if all the
eight data pieces (E‘ line) are known.
F'o better explain this step an example For one of these voices. For instance '‘sludge’".
Follows. In the Five lines of data, the speciFlc numbers regarding “sludge” are:

o

Application number F^Ol 84-01: 0.144 (t/y)

o

Application number F^O 190-01: 0.012 (t/y)

o

Application numt)cr P0191-01: 0.010 (t/y)

o

Application numF')er F^0204-01: 0.059 (t/y)

o

Application nuniF^er F^0205-01: 0.158 (t/y)
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Similar data are reported for each voice (paunch, srm, tallow, etc.). The calculated
media is depicted in fig 6.24.

These values are estimated a^tatiaHffal mean of the data available above
They are used in the fourth section to estimate all the others values.
Fig 6.24 - media calculation for wastes produced

For instance the average percentage of sludge within the whole production of
carcass waste is 7.7 % (displayed in the table are still a fraction of 1 rather than 100). These
mathematical factors are used in the spreadsheet to estimate missing data (yellow cells).
T he used formula is:
Media^jii^ijg^ — (data]

+ data^

data^

sludge ^ data^ si^jgc) ^ ^

Where the indexes 1,2,... refer to the five different applications.

The final section applies the “average factors” previously worked out to all other
cells to estimate missing waste production data. To improve the calculation, a weighted
system has been employed. In the following, this “weighting” algorithm is explained
showing the calculation procedure for the application PO192-01 (fig. 6.25).

_______
Fig. 6.25 - data for application PO 192-01 (section 4)

The necessity of a “weighted” algorithm derives from the fact that the total amount
of waste is not available and it needs to be estimated itself. Using available data and their
relative factors, and according to the statistical meaning of average, the total quantity of
waste can be computed by the formula:
Total

(Qblood ^ ^blood

Qsrm ^ ^srm

Qbones^ ^bones"^ Qhides^ ^hides"^ Qtallovv^ ^tallow)^

Where Q = quantity, f = average factor
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It is possible to use this last “weighted” formula to calculate each of the missing
data (yellow cells):
Quantity

= Total * average factorp,,.^,^

(t/y)

Quantity

= Total * average factor3,^,j

(t/y)

Quantity

= Total * average factor^jy^i

(t/y)

Using this algorithm it is possible to estimate almost all the missing data for IPPC
licensed applications. The complete lack of data causes the impossibility to provide
estimations for some activities (licenses P0161-01, PO175-01, PO177-01, PO182-01, P018501, PO 189-01 and PO 194-01).
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Chapter 7
Potential Analysis for
Energy Production from
Animal Waste in Ireland
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Chapter 7 - Potential Analysis for Energy Production from
Animal Waste in Ireland

7.1 Introduction: Contents and Aims of the Chapter

Phis chapter is a detailed guide to the potential energy model package attached.
The stoichiometrie description of the transformation of waste in methane is
introduced to point out the neeessity of an algorithm approach.
A detailed explanation of all the spreadsheets and formulas implemented in the
ealculations follows. The model is divided into two parts namely the energy potential
model from livestock excreta and the energy potential model from slaughterhouse waste.
The aim of the chapter is to provide the user of the package with a complete guide
for the use of this model in biogas vield estimations.
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7.2 The Theoretical Approach to the Model Calculations
A model is an abstraction of reality and represents it in the simplest adequate way
for the purpose of the modelling. From this point of view the best model is always that
which achieves the greatest realism with the least parameter and model complexity [76].
The theoretical model to express the methane production Bu is described by the BushwelFs
fonnula |37]. The reaction would be:
CnHaOb + (n - a/4 - b/2)*H20

(n/2 - a/8 + b/4)*C02 + (n/2 + a/8 - b/4)*CH4

From this fonnula, by stoichiometric relations and taking into account the following
average compositions for manure:
lipid

VS

^"57* ^04^6

VS p,ote,n = C3HAN

^.jjrbohydrate

VSvpA = VTH.O
4'^2

VS

I'he theoretical methane production is [37]:
Bu = (n/2 + a/8 - b/4)*22.4 / (12n + a + 16b)

(1 of CIU / Kg VS)

Using this formula it is possible to obtain the following theoretical values:
^^u{VbA)

370

lofCH4/Kg VS

R
=
*^11 (carbohydnitc)

415

lofCH4/Kg VS

^^u (protein)

496

lofCU4/Kg VS

^^u (lipid)

1014

lofCH4/KgVS

The formulas reported above confirm the proportionality between energy potential
and VS content and the higher lipid potentiality in terms of biogas yield, showing the link
between the better performance and their chemical composition.
In feasibility studies it would be quite impossible to use chemical formula to
calculate an animaFs manure biogas productivity. There are several factors affecting the
specific achievable production: species and growth stage of the animals, different diet and
feeding practices, metabolism and physiological parameters are the most important of them.
Furthermore other technical conditions affect biogas production: the bedding material, the
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manure dilution and the partial degradation occurring during the time between the manure
physical production and the biochemical treatment are some of them (as already discussed).
It would be difficult to rigorously take into account all these elements in a chemical
approach and for this reason corrective factors are introduced to solve this uncertainty
problem. This is exactly what the following model accomplishes.

7.3 The Algorithm Approach to the Model
7.3.1 Introduction
The model has been developed using different data sources [20, 21, 23, 25, 27, 29,
30, 31, 32, 33, 36, 37, 62, 77, 78]. fhis section explains each spreadsheet of the “potential
analysis modef' attached to this thesis. The estimation of the energy potential is given as a
result of stepwise algorithm calculation. Spreadsheets are protected so as to avoid
accidental deleting of formula and te.xt. The password required to till some data is
“modello” (the Italian translation for “model”).

7.3.2 Potential Analysis Model
fhe

introduction

spreadsheet

presents an

important characteristic that

is

implemented in the model: the usage of colours. By recognizing them the user can easily
follow the calculation path and differentiate each step within the whole calculation process.

Fig. 7.1 - The use of colours in the model (fuchsia)
Fuchsia (fig. 7.1): this colour is used to mark spreadsheets where the user has to fill
in some data to work out the estimation of potential methane production.
Pink (fig. 7.2): this colour is used to mark spreadsheets containing corrective or
parametric factors used in the calculation process; they have been chosen according to
scientific literature but could be changed bv the user.

97

Fig. 7.2 - The use of colours in the model (pink)
Light green (fig. 7.3): this colour is associated to the “midpoint” of the model. So
far the stepwise path (better visualised in the next section) provides formula to estimate the
quantity of feedstock that will be treated in the anaerobic digester. The starting point of the
model is therefore the number of animals.
Another option for using the model is to look for an estimation already knowing the
quantity of manure treated. In this case the user does not need the first part of the model but
can start from this '■‘midpoinf'.

Fig. 7.3 - I’he use of colours in the model (light green)
Light turquoise (fig. 7.4): this colour is used to mark spreadsheets containing
calculations. The coefficients introduced here are common in all the literature review so it
is not possible to change them.

Pages with calculations to arrive to the final
result.
Fig. 7.4 - The use of colours in the model (light turquoise)
Yellow (tig. 7.5): this colour is used to mark spreadsheets containing model
llndings, namely biogas and methane production.

Sheet With model output (bipgas and

Fig. 7.5 - The use of colours in the model (yellow)
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7.3.3 Model Algorithm
The second spreadsheet contains a graphic index of the model, which is actually
formed by two pails: the fii-st one is applicable to livestock whei'eas the second regards
slaughter wastes.

Idg. 7.6 - livestock model graphic path

Fig 7.6 shows the graphic path of the model applied to livestock. The use of the
colour's allows a I'eady compi'ehension of the different steps. The top of the parabola
I'cpi'esenting the model path is the “midpoinfy namely the estimation of the r'nanui'e
processed at the AD plant. The various steps are explained in the following part of this
section.
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i

step 2 - carcasses average weight

Step 4 - specific carcass production
Step

Btogas/Me^ane Production

Fig. 7.7 - carcass model index
For the carcass mode! the same colors are implemented as shown in fig. 7.7.

7.3.4 Step 1 — Number of Animals
rhe first step of the livestock model is the input of number of animals. They
produce slurry according to different physiological parameters, fhe first dialogue box gives
the possibility to introduce the number of cattle and pigs on which the estimation is carried
out. I he following classification is used;
•

Cattle: Milking cattle. Dry cattle, Fleifer, Cattle younger than two years old. Beef
cattle

•

Pigs; Farrow/suckling pigs. Dry sows. Maiden gilts, Boars, Weaners, Finishers
Ihe operator can fill each of these cells after have introduced the password

(model lo). At the bottom of each section (cattle and pigs) the total of animals is shown.

7.3.5 Step 2 - Availability
The second step takes into account the temporary availability of feedstock and
requires that a length of time is inserted. It is not feasible when animals graze the collection
of slurry. According to different sources [32, 79], cattle spend 16-20 weeks indoors while
pigs spend the whole year indoors, fherefore the following coefficients are used for a one
year estimation of potential energy production;
Cattle: 0.33 (which is equivalent to about 17 weeks)
Pigs: 1 (all year round)
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rhe model is built so as to be able to aeeept different inputs of time periods (tlg.7.8)
and for this reason different dialogue boxes have been drawn. The package user is invited
to choose one of the different options to insert the time scale to which to extend the
estimation;

I

Rease choos^^e of thel
is the estimation extended to a whole year?

YES ^

Do you want to insert a specific number of
months over which to extend the estimation?

;yes:

Do you want to insert the specific dates
over which to extend the estimation?

-YES^

Fig. 7.8 - different options of time periods inputs
“Year': the estimation is can ied out tor a multiple of years. In this case the operator
inserts in the specific cells the number of year(s) for cattle and/or for pigs.
^ “Months": the estimation is carried out for a certain number of months. Using the
option “months" the coel'tlcient of availability is not applied because it is assumed
that the operator fills the boxes with the correct number of months over which to
extend the estimation.
^ “Dates": if a specific test concerning a certain length of time is required it is
possible to choose the third option in which the cells have to be filled with specific
dates of the year in the format dd/mm/yy.
to che<^^dataar&Htledin a

CHECK BOX^
The time scale used is

months

If data are correct in this first box above should appear the time scale choosen.
It should be possible to visualize one of the messa^s: "year", '’months", or "dates".

The data inserted are

data appear acceptable

if data are correct in this box above should appear the message "data appear acceptable"
This dialogue box checks the validity of data in the choosen time scale.

Fig. 7.9 - check box of time data inputs
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At the bottom there are another two dialogue boxes, d he first one (fig. 7.9) is a
check box to verify (by logic functions) that the inserted data are valid. In this case the
message “data appears acceptable"' is shown, whereas if a negative number in the year or
months box is inserted, so as if an ending date previous to the correspondent starting one is
accidentally used, an error message is displayed. Other validation tools are used in this
model; if wrong data is inserted an error message will appear.
The last box (fig. 7.10) converts the inserted period of time in equivalent years. The
first two lines show the selected option (year, month, dates) and if the coefficient of
availability has been employed. Formulas are explained in box 7.1.

Please note that in the following calculation the coefficient of availability is used. It is
estimated as 0.33 for cattle and 1 for pigs and it is valid only if data have been introduced
with the option year. This means that for all the data introduced by the options "months" or
"’dates" it's presumed that the operator filled time scales where the animals are kept
iindoors and so the slurry is collectable.__________________________________________

The time scale used is

months

So the coefficient of availability

is not used

The estimation is extended to an equivalent period in years of
Cattle

0.583333333

Pigs

0.416666667
Fig. 7.10 - Example of calculation in the box of time data inputs

Box 7.1 - Formula to convert a time length in equivalent years
For the option year:
Cattle: number of inserted years * 0.33,

Pigs: number of years *

For the option months:
Both Cattle and Pigs: number of months / 12
For the option dates:
Both Cattle and Pigs: (ending date - starting date) / 365
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7.3.6 Step 3 - Corrective Factor
Different operational conditions can affect the quantity and the quality of feedstock,
fhe collection phase, eventual contamination with other wastes and the time elapsed
between the manure production and the treatments are among the main reasons. The
corrective factor is introduced to adjust the potential biogas estimation according to the
causes quoted above. According to the literature review [32, 37, 77, 79] it is possible to
evaluate this corrective factor to the order of 10%.
fhe third spreadsheet introduces this correction. 1 he set value is 0.9 (equivalent to a
loss of 10%) but if a specific study is carried out in a plant or if logistic efforts are
employed to improve the manure collection the value can be changed. Because this factor
does not depend on the kind of animal, it is the same for both cattle and pigs.

7.3.7 Step 4 - Slurry Production
Although there can be significant variations in excreta production [80], the
following values have been chosen in the model:
Milking cattle

45 Kg/d

•

Dry cattle. Heifer

25 Kg/d

•

Cattle younger than two years old

18 Kg/d

Beef cattle

20 Kg/d

Farrow / suckling pigs. Dry sows. Maiden gilts. Boars, Weaners, Finishers
4 Kg/d
These “set values'’ can be modified if the operator has more specific available data.

7.3.8 Step 5 - Total Excreta Processed
In the previous steps all the necessary data for calculation of total excreta produced
has been inserted. This spreadsheet computes the total production of excreta available in
one year (or the specified length of time).
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1 he factors used in the formula are;
1. (n) = number of animals (classification used in the step 1 of the model)
2. (a) = availability (calculated in the step 2 of the model)
3. (c) = the corrective factor as introduced in the step 3 of the model
4. (e) = daily excreta produced from each kind animal (data introduced in the step 4)
5. Conversion: 1 kg/d = 0.365 t/y (1 Kg= 1/1000 ton, 1 year = 365 days)
The formula used is as follows:
Total manure = [S, (n, * Cj) ] * a, * c * 0.365

[t/y]

Wdiere the D, is extended to the different kinds of animals (classification in the step
1) namely milking cattle, dry cattle, heifer, etc. (similar for pigs).
In the case of estimations extended to length of time different from one year, the
quantity produced is referred to the specific period so it should be simply ‘T’ and not '‘t/y'f
fhis spreadsheet contains another dialogue box where it is possible to introduce
data of quantity of manure processed, fhe operator has the option to directly introduce the
quantity of total excreta that will be treated by anaerobic digestion. Using this option is like
starting to estimate from this point and so neglecting the previous steps of the model
(observations will always be closer to truth and must remain the most important component
of scientific investigation [76]). It is possible to insert these values in the light green cells.

7.3.9 Step 6-Total Solids
The biogas production is proportional to the Total Solids contained. According to
different sources [32, 44, 78, 80] the following values have been chosen:
Cattle: 8.5 %

Pigs: 8%

Using these values the quantity of Total Solids (TS) is carried out (box 7.2):
Box 7.2 - Formula to calculate TS content
Cattle TS = total manure processed * 0.085

[t]

Pigs rs = total manure processed * 0.08

[tl
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7.3.10 Step 7 - Volatile Solids
The present spreadsheet works out the quantity of Volatile Solids (VS) obtainable
from the mass of TS available. Comparing different sources [37, 32, 44, 77, 78, 80], the
values for VS expressed as a percentage of TS are as follows:
Cattle: 85%

Pigs: 75%

Therefore the total amount of VS in the treated feedstock is (box 7.3):
Box 7.3 - Formula to calculate VS content
Cattle VS - TS * 0.85

[t]

Pigs VS = TS*0.75

[t]

7.3.11 Step 8 - Biogas Production
The eighth step gives the quantity of biogas as function of the VS loaded.
According to scientific sources [44, 781, the specific production coefficient are:
Cattle: 0.3 Nm^ of biogas / Kg of VS loaded
Pigs: 0.4 Nm^ of biogas / Kg of VS loaded
The reason for using VS loaded is because in an anaerobic digestion process not all
the amounts of VS is destroyed and so the real production is lower than the maximum
theoretical one [37]. Some of the reasons are the presence of inhibitors such as ammonia
and volatile fatty acids (VFA).
The higher energy potential of pig slurry is due to the higher fat content of about
7.0-12.3% compared to 3.5-7.5% of cow manure [58]. Formulas are as in box 7.4:
Box 7.4 - Formula to calculate Biogas production
Cattle: Total VS * 0.3 * 1000

[Nm^]

Pigs: Total VS * 0.4 * 1000

[NnT]
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I'he conversion factor 1000 is inserted in the formula because the VS are measured
in tons (per year) while the specific biogas production coefficients are expressed in Nm^ of
biogas / Kg of VS loaded and 1 ton = 1000 Kg. The final result is estimated in Nm^ (per
year) (in the spreadsheet the symbol Nine is used instead of Nm^).

7.3.12 Step 9 - Methane Production
The last step of the calculation model for energy production from livestock excreta
displays the content of obtainable methane. According to [78], the methane content in the
biogas ranges between 55% and 65%. fhe formula employs a value of 60% (box 7.5):
Box 7.5 - Formula to calculate Pvlethane production
Methane = total biogas * 0.6

[Nnv

7.3.13 Potential Production Estimations
fhe model estimates the following speeifie production (Box 7.6):
Box 7.6 - Speci fic production estimations from 1 tonne of waste
Animal: Cattle
Quantity of manure: 1 ton
TS (8.5 %) = 85 Kg
VS(85%ofTS) = 72.25 Kg
Specific yield (0.3 Nm-^ of biogas / Kg of VS loaded) = 21.67 Nm^ of biogas
Methane production (60 % of biogas) = 13 Nm^ of methane

Animal: Pigs
Quantity of slurry: 1 ton
TS (8.0 %) = 80 Kg
VS(75%ofTS) = 60 Kg
Specific yield (0.4 Nm-"* of biogas / Kg of VS loaded) = 24 Nm-^ of biogas
Methane production (60 % of biogas) = 14.4 Nm^ of methane
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7.3.14 Step 1 - Slaughtered Animals
rhis spreadsheet begins the seeond part of the model focusing on slaughterhouse
waste. In this step the operator has to fill in numbers of animals killed. The animals
considered are cattle, pigs and sheep because of high quantity of carcasses produced.

7.3.15 Step 2 - Carcass Weight
The second step takes in account the average weight of the produced carcasses. The
employed values for Irish carcasses are [81]:
Cattle: 324 kg

Sheep: 20.3 kg

Pias: 77.5 ka

7.3.16 Step 3 - Carcasses Produced
This spreadsheet is the “midpoinf’ for this second part of the model and it is marked
with the green colour. In the upper part there is a calculation box where the quantity
(tonnes) of animal carcasses is worked out. The factors of the used formula are:
1. (n) = number of animals (step 1 of the model for slaughterhouse waste)
2. (w) = carcass average weight (step 2 of the model for slaughterhouse waste)
fherefore the formulas are (Box 7.7):
Box 7.7 - Formula to calculate the quantity of carcasses processed
Cattle =
I'igs =
Sheep =

1000

[t]

/ 1000

[t]

* vv5|,,^p / 1000

[t]

I he factor 1000 is introduced to convert kg in tons.
Under the calculation box there is a green dialogue box: if the operator knows the
number of tons of carcasses treated, he can begin using this model from this point.
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7.3.17 Step 4 - Specific Production
This spreadsheet estimates the amount of Volatile Solids loaded in the digester.
Aecording to different sources, the following values have been chosen for TS and VS
content in animal carcasses:
TS for cattle, pigs, sheep: 25 % of total quantity loaded
VS for cattle, pigs, sheep: 90 % of TS loaded
fhese numbers can be modified if specific field data are available. The calculation
box works out the total amount of VS per kind of animal. The factors of the formula are:
1.

(n) = number of animals (classification used in the step I of this model)

2. (w) = carcass average weight (data introduced in the step 2 of this model)
3. (TS,,;,) = percentage of TS ( factors introduced in the step 4 of this model)
4. (VSo;,) = percentage of VS (factors introduced in the step 4 of this model)
Formulas are as follows (Box 7.8):
Box 7.8 - Formula to calculate the quantity of VS loaded
\S Cattle =
\S Pigs = Hpi., *

* vv,.,,,,. * (TS.,,

* VS.,,

* TS.,, pig, * VS, 0, pigs

\S Sheep = n,|,„p * w,^,,p * TS,,

sheep

* VS.,,0, sheep

[tj
ft]
ft]

7.3.18 Step 5 - Methane Production
The last spreadsheet estimates the biogas production. A common average value for
ti e speci fic biogas production from carcasses of cattle, pigs and sheep can be chosen:
Specific biogas production:

= 0.75 Nm^ / Kg of VS loaded

1’he formula used to calculate the biogas vield uses the following factors:
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1. (VS^Q() = total quantity of VS loaded (from the step 4 of this model )
2. (Pbiotias)

speeitle biogas production (previously introduced)

1 he formula is shown in the box 7.9:
Box 7.9 - Formula to calculate the biogas yield from carcasses
= VS,* 1000
BiogaSp,gs = VS„„

* iiNogas. pigs * 1000

l^'OgaSppeep = VS,„, 3pppp * Hbiogas, sheep * ' 000

(KJm^)
(Klm^)
(TsImQ

The factor 1000 converts the Kg of VS loaded in tons (1 ton = 1000 Kg).
Box 7.10 shows how the methane production is estimated:
Box 7.10 - Fomiula to calculate the methane yield from carcasses
d otal Biogas production = Biogas^.^^j,.. + BiogaSpig^ + Biogas^j^^^^^p

(Nm-^)

I otal Methane production = Total Biogas production * 0.6

7.3.19 Potential Production Estimations from Carcasses
The model estimates the following specific production (Box 7.21):
Box 7.10 - Specific production estimations
Carcasses of: Cattle, pigs. Sheep
Quantity of carcasses: 1 ton
TS (25 %) = 250 Kg
VS (90 % of TS ) = 225 Kg
Specillc yield (0.75 Nm^ of biogas / Kg of VS loaded) = 168.75 Nm^ of biogas
Methane production (60 % of biogas) == 101.25 Nm^ of methane
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10

Chapter 8
Economic Model

Chapter 8 - Economic Model

8.1 Introduction: Contents and Aims of the Chapter
This chapter is a guide to the linked Excel software “economic analysis model”
attached to this research project. It goes through every spreadsheet of the Excel suite to
explain (where necessary ) or comment on all the different parts of it.
fhe data upon which the model is based are from Denmark, which is the only
country where reliable and detailed information has been published so far.
The chapter fully illustrates all the formula employed in the various parts of the
model going through the extrapolation of tendency lines for capital and running costs, and
then estimating all the incomes obtainable from the industrial activity.
Financial elements and non monetary externalities are taken into account to
calculate the full economic value of the assessed project.
A detailed scheme of the model is shown in the first section contained in the next
page.
fhe aim of this chapter is to provide the user with a guide to the Excel software
attached to this research work.
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8.2 Excel Software
8.2.1 Model Algorithm

cash flow ■

i
I
I
I
i
I
I
I
I
i
i
i

Step 12 Global Prefect Value

f-^ig. 8.1 — Economic model algorithm scheme

The tlrst spreadsheet shows the economic model seheme (fig. 8.1). Different eolours
are used to differentiate the 13 steps of the model. Through filing in specife data, the user
can figure out an economie assessment of the biogas project (yellow pages).

8.2.2 Costs Data

1his spreadsheet displays all the data upon which the economic model is based.
They regard operative conditions of Danish plants [82] (fig 8.2).

13

digester
capacity (m'^3)

Plant
I Vester Hjermistslev
iVeggei- «

gas yield
(m^3/m^3 of
biomass)
-

91.84

*

97.94

biogas production \
(1000m''3)
;

total annual
biomass (m'^S)

1500

16246

1492

800

20554

2013

gas yield
(m^3/m^3of | Investments
(1000€)
digester)

Investments per
unit of biomass
(€/m^3)

J

1672

102.92

1.12

,|1

1802

87.67

0.90

“ 61 55
48.65

Investments per
unit of gas yield
(C/m'^S)

Operating Costs
Operating Costs
Operating
per unit of biomass per unit of digester
Costs (1000€)
(€/m''3)
•

279

I *:

330

17.17
ll06

186.00

!^

412

Pig. 8.2 - Ilxcerpts from Cost data spreadsheet

fhe first column contains the list of 20 CAD plants from which data are collected.
In the second section digester eapacity (m^), total annual biomass treated (m^) and biogas
production (1000 in'*) are reported. The third section works out two ratios, namely the gas
yield per m^ of biomass treated and the gas yield per m’ of digester capacity. The fourth
section concerns capital costs: investments (1000 €), investments per unit of biomass
treated (€/m^), and investments per unit of gas yield (C/m^) are shown. The last section
contains the same kind of data for operational costs.
The following currency change has been used: 1 € = 7.43 DKK (Danish currency)

8.2.3 Capital Costs Equation

In this Excel page, the equation for capital costs is worked out (1999 data). By
ordering all the plants according to the criteria of increasing biomass treated, it is possible
to build a graph (tig. 8.3) and to track a tendency line whose equation is:
v = 6.6892 *x"0.5863

(1)

fhe R- coeftlcient of this extrapolation is 0.726.
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Using this equation it is possible to estimate the investment costs for a plant: the
user has to insert the quantity (m^) of annual biomass that will be treated (x variable of the
equation) and can estimate the associated investment costs. In this equation the result (y
variable) is expressed in thousands of € (1000 €).
Capital Costs (1000€)

Fig. 8.3 - tendency line for capital costs (1999 data)

8.2.4 Running Costs Equation

Here the total annual operational costs are worked out. The tendency line is shown
in fig. 8.4 and its equation is:

y = 0.124 * x'"0.7467

(2)

The R“ coefficient of this extrapolation is 0.7496.
Inserting into the equation (2) the quantity of total annual biomass treated (m^), it is
possible to estimate the annual operational costs, expressed in thousands of € (1000 €).
Operating Costs (1000€)

Fig. 8.4 - tendency line for running costs

8.2.5 Comparison Between the Two Equations

It is interesting to notice something about the two equations worked out.

Capital costs: y = 6.6892 * .x^O.5863

(R2 = 0.726)

(1)

Running costs: y = 0.124 * x'''0.7467

(R2 = 0.7496)

(2)

Both of them are extrapolated from Danish data so both are definitely affected by
different conditions rather than the Irish context. Nevertheless, they allow us to estimate
monetary elements for a CAD project in Ireland.
Unfortunately, for both of them the coefficient

is not very close to one and this

can affect the accuracy of the estimations. The variety of cost data reflects different
operational industrial conditions and performances of the 20 Danish plants.
An interesting aspect is the factor of the equations. According to the mathematical
meaning of the factor in exponential equations, the lower the factor the lower the variance
of the result and thus the greater the bend in the graph. This means that there is a stronger
economy scale in the capital costs rather than in the operational costs. Ultimately, this
means that increasing the plant size the major savings are obtained in the capital
investments rather than in running annual costs.

8.2.6 Costs Estimation
Using equations (1) and (2), the capital and running costs are estimated for a new
biogas project.
Comparing Danish conditions with Irish situation [32|, it is reasonable to expect
operation costs to increase; a corrective factor is introduced in the equation (2):
Running costs: y = 1.8 * 0.124 * x'^0.7467

(3)

Introducing the quantity (m^) of biomass treated (the password is “modello’') in the
dialogue box it is possible to estimate the expected capital and running costs for a new plant
located in Ireland (fig. 8.5).

8.2.7 Gas Production Equation

This page works out the tendency line and relative equation for gas production as
function of the biomass treated. Plants are displayed according to the increasing quantity of
biomass treated in a year (x input). The equation is:
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In the box below capital and running costs are estimated according to the previous table:
vshere the tendency equations have been worked out.
A corrective factor of 1.8 is used for running costs to take in account different wage
costs, inflation, road transport system, etc, as pointed out in [23].

Equations:

y = 6.6892"x^0.5863

Capital costs:

y= 1.8*0.124*x^QJ467

Running costs:

Please insert below the total quantity of biomass treated in one year:

CALCULATION BOX

(Base Year 1999)

Estimated total capital costs are:

ESTIMATED COSTS UPDATED WITH INFLATION
Please insert the year of the estimation:
The value for inflation is:

2007

II I I

3.5

Estimated total capital costs are:
Estimated total yearly running costs are

Fig 8.5 - Example of costs estimation

V

= 0.2793 * x'^().8203

1 he R- eoefllcient of this extrapolation is 0.7864.

(4)

. i

rifTfiWtTfrii^

The tendency line is shown in f1g 8.6. The y coordinate indicates biogas production
expressed in thousands of

(1000 m-^). This equation has been chosen to work out the

biogas production and not any other part of this model to be coherent with the rest of the
economic data.

Fig. 8.6 - tendency line for biogas production

8.2.8 Upgrading Costs
Using equation (4), it is possible to estimate upgrading costs (fig. 8.7). According to
[62] upgrading costs per unit of volume of biogas to scrub is = 0.22 €/m^ biogas, including
compression and distribution costs. Otherwise, it is possible to estimate upgrading costs by
inserting biogas production data estimated in the energy potential model.

Upgrading Costs
In the box below upgrading costs are estimated according to the previous table where the
tendency equation has been worked out. Otherwise it is possible to use data from other
; part of the model (potential energy model).

i
I

Equation:

y = 0.2793*x^0.8203

Biogas production:

! The biomass treated in one year (previously inserted) is:

;20<

CALCULATION BOX - METHANE PRODUCTION

Estimated methane produced is (60%)
1 Below It is possible to introduce production data from other part of the model.
! If the box below contain number different than zero, this option is used to calculate cosi

Estimated biogas produced is:

CALCULATION BOX - UPGRADING COSTS
The set value is:

Estimated total upgrading costs are:

0.22

€/m^3 gas to scrub [60]

760

Fig. 8.7 - Example of Upgrading Costs spreadsheet

8.2.9 Incomes

Fhis spreadsheet estimates all direct ineomes deriving from product sales. In the
first box, the quantity of methane and digestate effectively sold is estimated:
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Methane = 95% of production
Digestate = 5 % of feedstock
Regarding methane, an accidental loss of 5% for leakages or similar causes is
considered, while the rate of sold digestate is affected by the fact that a consistent portion
of it (which is up to 20% of the total feedstock) is given back for free to farmers providing
manure and feedstock (according to the Danish model). Both percentages are liable to be
changed if specific data are available.
The specific prices for those products are:
Methane = 0.98 €/m^ [62]
Digestate = 15€/m^ |58|
The third box calculates the quantity of products sold per year. In the last box (fig.
8.8), annual incomes for product sales are calculated. In this model, only methane sale has
been taken in account because of the aim of this research, but it is useful to remind other
data about products sales:
Electricity = 0.07 €/kWh |32]
Thermal energy = 0.02 €/kWh [44]

Fig. 8.8 - Example of Incomes calculation box
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8.2.10 Cate Fees

Another important income for Anaerobic Digestion plants derives from gate fees
paid from companies treating their industrial wastes in the same plant (fig. 8.9). In the first
box of this Excel page the user is invited to fill in the quantity of industrial wastes in the
intake. The dialogue box requires data in m^. The set value for industrial wastes price is:
Gate fee = 100 €/ton
To convert the waste intake (m^) in ton, the specific weight of 1 ton/m^ has been
used. Using those data, the total annual income is calculated as in Box 8.1:
Box 8.1 - Annual Income from waste intake
Income = p + y * Q
P = price [€/ton|

Where:

y = specifie weight [ton/m^]

Q - total quantity [m^J

Please insert below the total amount of industrial wastes:

Set value for gate fees Is:

dm.

gate fee

€/ton

Set value for specific weight of wastes:
1 ton =

CALCULATION BOX - ANNUAL GATE FEES

Total annual incomes from gate fees

12,000,000

Fig 8.9 - Example of Gate Fees spreadsheet
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8.2.11 Financial Grants
An Anaerobic Digestion project is an intensive capital investment; therefore, it is
usual to have external financial sources.
The three dialogue boxes (tig. 8.10) give the possibility to insert up to one capital
grant, namely an amount of money that does not need to be paid back, and two capital
loans. The latter can derive from different private sources and have different rates of
interest. For each loan the payback time (number of years over which it has to be paid back)
and the interest rate are required.

In the box below any financial benefits is taken into account.

Capital grant (not to be repayed):

Capital Loan 1:

Interest Loan 1:

Pay-back time Loan 1:

B
Capital Loan 2:

Interest Loan 2:

Pay-back time Loan 2:

Fig. 8.10 - Examples of Financial Grants dialogue boxes
The last box is useful to check if data regarding loans are wrong or not. The logical
functions behind it are able to recognise when a loan has been inserted without changing
the linked payback time or interest rate; in this case, a message will suggest to fill in the
missing data (tig 8.1 F).
12;

CHECK BOX
Loan 1

no ioafi inserted

Loan 2

please insert pay-back time

I js attention interest rate

Loan 2

0

F'ig. 8.11- Examples of Check Box messages

8.2.12 IVioiietary Cash Flow

A full monetary cash How is displayed. After requiring the plant lifetime, namely
the number of years over which the plant is supposed to be in operation (which has to be
between 5 and 35 years), all the economic numbers (in €) are shown. Introducing a negative
sign to point out net costs, the several data are grouped in seven columns (fig. 8.12):

Plant Life-time:

Year
0
1
2
3
4
5
6
7
8
9
10
11

1

C#ttal
costs
-3 ^5,225
6

0
0
0
0
0
0
0
0
0
0

*

Running
costs

UpgrIiM
costs

0

0
-263,761
-263,761
-263,761
-263,761
-263,761
-263,761
-263,761
-263,761
-263,761
-263,761
0

?

720.137
720,137
-720,137
-720,137
-720,137
-720,137
-720,137
-720,137
-720,137
-720,137
0
-

Total
Incomes

Grant

Loan 1
1,000
-206
-206
-206
-206
-206
0
0
0
0
0
0

^Coan 2

' ‘

1QJ500
-1,172
-1,172
-1,172
-1,172
-1,172
-1,172
-1,172
-1,172
-1,172
-1,172
0

Fig. 8.12 - Example of monetary cash ftow
Capital costs: they are typically present only at the end of the year zero.
Running costs: they are constant for each year in which the plant normally carries
out its process (otherwise, they are zero).
Upgrading costs: they are constant and negative as the running costs.

124

Total incomes: they represent the total of earnings from methane and digestate sale
and from gate fees
Grant: this element is positive (income) and different from zero only at the
beginning of the plant lifetime (end of year zero).
Loan 1, loan 2: they are positive at the end of the year zero but then they have to be
paid back and negative data will indicate the amount of money to be paid for each year for
the whole pay back time of the loan.

8.2.13 Monetary Net Present Value
The Net Present Value (NPV) is an index used in finance to assess the profitability
of an investment. Given a certain interest rate that measures the national cunency loss of
power because of the inflation and other foreseen macro-economic factors, the NPV brings
back the value of costs/earnings to a specific time that usually is the end of the year zero.
Plant Life-time:
Interest rate (NPV):

fYear

Global cash
4^ flow

0

-5,703,131

1

611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611,838
611.838
611.838

2
3
4
5
6
7
8

9

10
11
12

13
14
15
16
17
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With the inserted interest rate of:

%

the monetary Net Present Value of the assessed investment is:

Fig. 8.13 - Example of Monetary NPV spreadsheet
The fonnula to calculate the variation of a capital C over a certain number a years n,
for the effect of an interest rate z, is the following;
P = C(1 +/)"
P indicates the amount of money after n years. Using the same formula, if P is the
amount of money at a certain time /?, to calculate its value C, namely the power to buy
something exactly n years before, it becomes:
C = P/(l +/)"
After introducing the specific interest rate (it usually is disclosed from financial
sources like Central Bank) in the dialogue box, it is possible to see the NPV for the
assessed biogas industrial project (fig. 8.13).

8.2.14 Externalities
Externalities have been discussed in chapter 5. The final part of the economic model
introduces some of them to obtain a global assessment of the project. All factors are
monetised in €/ton of biomass treated (specific weight

1 ton/m^). The externalities

considered are:
Atzriculture externalities:
Improved fertiliser value (TsIPK):

0.73 €/ton

Handling of liquid manure:

0.2 €/ton

Reduced obnoxious smells:

0.67 €/ton

Environmental externalities:
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Gl IG emission reduction:

3.01 €/ton

Value of reduced N-eutrophication of ground water:

0.39 €/ton

In the Excel page another data is reported (industrial externalities) but not
calculated. It only gives an idea of comparison with all the other numbers. Using these
estimations, the total monetary value of externalities is calculated.

8.2.15 Global Project Value
The last spreadsheet displays the global project value (fig. 8.14), which derives
from pure monetary factors (monetary NPV) and the externalities worked out.

With the inserted interest rate of:
the Global Project Value of the assessed investment is:

14,165,821
Fig. 8.I4 - Example of Global Project Value
All data inserted are imported from the previous Excel pages (plant lifetime, interest
rate for NPV, global cash flow); the global cash flow takes now into account the
externalities as positive factor summed up to the previous value (Box 8.2).
Box 8.2 - Global Project Value
GCI' = (C + R + U + I+ G + L, + Lo) + E = Monetary NPV + E
GCl- = Global Cash Flow

C = Capital costs

R = Running costs

U = Upgrading costs

I = total incomes

G = capital Grant

L| = Loan I

Lo = Loan 2

E = externalities

Where:

127

128

Chapter 9
Site Selection

29

Chapter 9 - Site Selection

9.1 Introduction: Contents and Aims of the Chapter
rhe purpose of a siting problem is to identify particular locations for a given type of
facilities or services. The desirability of one location relative to another depends on a
multitude of factors like economic and socioeconomic concerns, health and safety
concerns, environment and public attitudes [83].
After general consideration on plant location, this chapter introduces the theory
regarding the location modelling and the hierarchic process in selecting the specific factors
inlluencing the site selection of anaerobic digestion plants.
The location model for Ireland is developed mapping various constraints on a
national map. Water bodies, natural areas and urban areas and airports are considered. Then
the specific opportunities are mapped: the total number of cattle and pigs in each county
and the distribution of abattoir, llie former information is reported on a livestock density
map whereas the latter data are shown on an abattoir density map.
These two maps represent the main output of the location model and the main result
of the study carried out. The most valuable areas for biogas plants investments are pointed
out. fhey are also the main aim of the chapter.
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9.2 General Considerations on Plant Location
Locating optimal sites for power generation facilities is a complex task involving
many environmental, economic, and social constraints and factors [84]. Planning
permission is likely to be required for most projects, so the proposed development will need
to be acceptable in terms of site, layout, appearance of the buildings, any impact on local
amenities or landseapes and any environmental risks such as water contamination [54].
Decisions on the location of all new plants, especially CAD developments, will
need to take into account several faetors when considering sites for the digester [54]:
a. Feedstock and transport: Local supply of feedstock needs to be available so that
transport costs and environmental impacts are kept to a level that would provide a
positive energy balance.
b. Roads: Accessibility to road links for the import / export of produets is essential.
c. Markets for products: Secure uses, outlets and markets are needed for liquor and
llbre products (both can be stored relatively easily but at a cost).
d. Excess heat and electricity: When heat and electrieity are produced, aceess to
potential uses or markets for excess heat will be important.
e. Distribution networks: The right location can save a lot of money on grid
conneetion costs, and the value of the eleetrieity is enhanced by minimising
transmission losses.
f

Suftlcient land available: It is good practice to produce a Waste Management Plan
to demonstrate to the Environment Agency that there is sufficient land available for
the storage and spreading of digestate on the farm.

g. Landscape designations: Additional care needs to be taken with landscaping and
building designs in designated areas sueh as National Parks, where it is possible that
planning permission will not be forthcoming.
h. Technology: The size of the digester tank will intluenee the choice of site and
location. The size of the digester depends on the length of time required for the
eonversion cyele; this depends on the priorities of the developer in terms of
products (e.g. biogas) and other objeetives (e.g. odour reduction).
i.

Impacts on neighbours: CAD plants may be best sited in areas designated for
industrial development in the development plan of the local planning authority. All
plants need to eonsider noise, smell and traffic impacts on local residents.

A study [85] analysed the reason of local opposition to the development of a
biomass electricity plant in the UK; among the concerns expressed, the following w'ere
included;
1. inappropriate location selected for the power plant,
II. close proximity to local residents,
III. emission of greenhouse gases and water vapour,
IV. unpleasant odour,
V. emission of light at night,
VI. vibration and noise from the power plant,
VI1. fear of public health hazards,
VIM. nuisance from traffic,
IX. increases in traffic movement and fiow of high goods vehicles (HGV),
X. accidents and noise,
XI. fear of negative impacts to ecosystems, aquatic environment and rural buffer zone,
XII. negative effect on the local weather system,
XIII. undermining openness,
XIV. visual effects resulting from the relative height of chimneys and other structures,
XV. low benefits to local communities compared to associated social and environment
costs,
XVI. negative etTect on tourism and business,
XVI1. no compensation to local people,
XVI11. negative effect on property prices,
XIX. no significant employment opportunity for local people.
Policy makers, energy planners or private investor should all take into account these
general considerations when planning a new biogas industrial project.

9.3 Introduction to Location Modelling
Location decision making is a fundamental activity in our daily lives. Things like
our route of travel to work, where we shop, where we park, and where we live are the result
of active spatial choices that we make [86]. Where facilities or services are located is also a
primary factor in the success or failure of the activity. One component of site analysis
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involves the use of location models. Location models are often deterministic in nature and
may be classified into different broad types [86J.
As stated in Larson and Stevenson (1972), “an optimal configuration is probably
unobtainable in practice because of political, economic and other constraints” but location
models are important tools in regional planning and decision-making. Nevertheless, these
models are abstractions of a planning or management process, and may only crudely reflect
the problem at hand. As a result, it has long been recognized that location models are
imprecise in various ways [86J.
These tools are particularly useful for biogas projects, where geographical location
strongly influences both the size of the resource and the ability to access and exploit it.
Several factors need to be taken into account, like location of the basic resources, physical
and practical constraints on our ability to harness it, environmental and regulatory
restrictions, and economic considerations [87].
Residents consistently prefer that facilities be located a certain distance from
residential areas. Citing aesthetic impacts and noise pollution as typical concerns,
community reactions are often dubbed as not-in-my-backyard (NIMBY) syndrome [84]. In
addition, economic factors also play a very important role in determining the viability of
potential energy development projects. With these restrictions and other considerations on
land use, the problem is then to develop an appropriate land suitability model (LSM) to
determine the most suitable sites for potential development [84].
fhe main goal of these tools is to reduce, as much as possible, the overall impacts economic, environmental and human - associated with the installation of CAD plants,
helping decision makers in managing a complex range of spatial information and finally
identifying the most (not exclusively one, but a set of them) suitable or at least the most
adequately justifiable solutions.

9.4 Theory Concepts about Spatial Models
Apparently, the first location problem in the literature is due to the Italian
mathematician Torricelli (1608-1647). The term Location Analysis refers to the modelling,
formulation, and solution of a class of problems that can best be described as siting
facilities in some given space. The expressions deployment, positioning, and siting are
frequently used as synonyms [88].

There are four components characterizing location problems: (1) customers/
resources, who are presumed to be already located at points or on routes, (2) facilities that
will be located, (3) a space in which customers and facilities are located, and (4) a metric
indicating distances between customers and facilities [88].
A variety of factors other than customers, facilities, space, and distance functions
play important roles in location modelling. One such factor is the objective that is
employed by the decision maker. In our specific problem, industrial plant locations,
customers wish, as one of their objectives, to "‘push’’ undesirable facilities as far from
them as possible. By themselves and without any further restrictions, “push” objectives
will attempt to locate towards infinity. This is why they are often coupled with other,
predominantly “pull”, objectives [88J.
Other features of interest to the modeller include the number of facilities that are to
be located. The simplest of the models attempts to locate a single facility, whereas more
complex models might locate p facilities, where the parameter p may be fixed by the
decision maker or imposed by a budget limitation. Alternatively, the number of facilities
may be unknown at the outset and determined through the model’s objective. The bestknown in this category of models with “free entry” is the plant location problem that
minimizes the sum of plant opening costs and distribution costs, and allows the number of
facilities to be an output or consequence of the minimum cost solution [88]. Regarding this
point there is actually no particular limitation to the max number of p facilities in this
research, as soon as the individuated solutions are considered profitable.
An early characterization of model forms and objectives that is still in use was
provided by ReVelle et al. (1970). Location problems were divided into private sector
problems and public sector problems. The private sector problems seek the sites for plants
and/or warehouses; these sites optimise some function of the monetary value associated
with the location. In contrast, public sector problems seek facility sites optimising the
population’s access (measured in various ways) to those facilities. Clearly, there are many
shades of grey between the extremes of “private” and “public”, but the present research
can be linked to the first group of models (private ones) because the main aim is to
maximise profits and minimise costs [88].
In the following section, some variables typically analysed in these kinds of spatial
models will be discussed, showing the hierarchic structure of the whole process.
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9.5 Hierarchic Process in Selecting Constraints/Opportunities
rhe nature of hio-energy systems using dairy manure as a feedstock suggests they
must be properly sited to avoid sensitive areas, such as wetlands, residential areas, airports,
etc. These sensitive areas are regarded as ‘'constraints'’ meaning that they are restricted
from development of dairy manure-based systems within the area. A buffer zone is usually
required for each of these constraints to detlne the minimum distances of development sites
to the selected geographic entity/feature. Different constraints correspond to different
widths of buffer zones [84].
More closely, an Anaerobic Digestion plant cannot be sited within a certain distance
of the following features: wetlands, streams, critical environmental areas, lakes. Hood
plains, roads, residential areas, and airports. In addition, safety concerns prevent any
construction near power systems such as transmission lines, power plants, etc. Areas of
steep slope are also restricted for development [84].
In addition to exclusive constraints, a model considers certain selective factors that
inlluence the selection of a potential site. These factors are best represented by distance,
for example, the preferred criterion for AD systems would involve the location of the site
as closely as possible to
existing dairy farms for easy

High dry matter feedstock
((xxjltry + agro-industrial)

manure

Low dry matter feedstock
(pig/cow)

collection

transportation.
elements

High butler density

These
regarded

as

“opportunities” [84].

Road rtetwork

Furthermore,
factors

Environmerjtal
cortstraints

are

and

are

not

these
equally

important in influencing the
selection of potential sites.

Electricity grid
sub stations

Therefore, it is necessary to
assign appropriate weights to

Possiblo CAD sites

the factors reflecting their
relative importance. Because
quantitative ratings for the

Fig. 9.1

localisation model process

selective factors are usualIv
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not available, it is difficult to assign evaluations and weights. A possible method adopted to
manage this aspect is the analytic hierarchy process (AFIP), a mathematic technique for
multi-criteria decision-making (it will not be implemented in this project). Mainly these
factors include [84]:
a. Distance from farms; The potential bio-energy systems are preferably sited as close
to farms as possible to minimise transportation costs and environmental problems
such as odour and nuisance. Ideally, most of the bio-energy systems should be
located on existing farms if suitable. However, in some cases it may be required to
develop new sites or centralized plants.
b. Distance from roads: Beyond the restricted buffer zone for minimising odours and
view, the closer to roads, the better to save transportation costs in the case of
collecting dairy manure to a central plant.
e. Distance from transmission lines: Beyond the buffer zone for safety reasons, the
closer to transmission lines, the better to save interconnection costs when excess
farm-generated electricity is sold back to the grid.
d. Distance from natural gas pipelines: Beyond the buffer zone for safety reasons, the
closer to natural gas pipelines, the better to save costs if farmers choose the option
of introducing cleaned biogas into the pipeline instead of generating electricity and
heat.
e. Distance from power plants and substations: Same as transmission lines issue.
The hierarchic process will help identify suitable areas for plant development by
overlying all the “opportunities” and “constraints” taken into account (fig. 9.1).

9.6 Anaerobic Digestion Plant Localisation in Ireland
9.6.1 Constraints

The identification of suitable areas to AD development strategies has been carried
out working with Irish maps and pursuing a qualitative representation of geographic data.
fhe method implemented to achieve this aim consists in a progressive adding up of
coloured layers to represent different constraints/opportunities. At first, the following
constraints have been considered and the relative areas coloured in white:
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1. Water bodies (fig. 9.2)
2. Parks and natural areas (fig. 9.3)
3. Urban Areas and Airports (fig. 9.4)

Fig 9.2 - first layer of constraints: water bodies
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Fig 9.3 - second layer of constraints: parks and natural areas
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Fig 9.4 - third layer of constraints: urban areas and airports

9.6.2 Opportunities: Livestock Density

At that point, the county distribution of animals (pigs plus cattle) has been
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■#' ■
Min =
Max =
Livestock Range
Approx
Class Width
Max Approx =
Min location =

Distribution in ten frequency classes
%(minimum of the total number of animals in each County)
(Maximum of the total number of animals in each County)
(Difference between max and min above reported)
(Approximation of the above reported value)
(one tenth of the approximation of total Livestock Range)
(approximation of the max to a close greater number
(calculated as function of Max approx and classes width)

*
24875
1319874
1294999
1300000
130000
1320000
20000

Fig 9.5 - Frequency Classes Distribution
Ten

frequency

classes have been calculated
according

to

the

total

number of cattle and pigs
for each county (fig. 9.5)
and the counties have been
distributed into them (fig.

1st
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20000
150001
280001
410001
540001
670001
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930001
1060001
1190001
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280000
410000
540000
670000
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930000
1060000
1190000
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129999
129999
129999
129999
129999
129999
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7
6
10
2
1
0
0
0
0
1

ug 9.6 - County Distribution in Frequency Classes

9.6 and fig. 9.7).
County

Class

PIGS

CATTLE

TOTAL

Class

Carlow
Cavan
Clare
Cork
Donegal
Dublin
Galway
Kerry
Kildare
Kilkenny
Laoghis
Leitrim
Limerick
Longford
Louth
Mayo
Meath
Monoghan
Offaly
Roscommon
Sligo
Tipperary North
Tipperary South
Waterford
W'estmeath
W'exford
Wicklow

20343
365688
14782
355410
38447
42
7618
48958
27166
58842
41722
7176
54133
16233
16981
24583
36900
39105
122524
23833
3333
44282
94734
86420
41047
65095
25703

96763
229728
280836
964464
184716
24833
418769
331174
125425
311412
232645
83887
384734
119193
83388
269539
279302
205805
219620
199124
114470
289889
289888
227304
199986
248947
116865

117106
595416
295618
1319874
223163
24875
426387
380132
152591
370254
274367
91063
438867
135426
100369
294122
316202
244910
342144
222957
117803
334171
384622
313724
241033
314042
142568

1st
5th
3rd
10th
2nd
1st
4th
3rd
2nd
3rd
2nd
1st
4th
1st
1st
3rd
3rd
2nd
3rd
2nd
1st
3rd
3rd
3rd
2nd
3rd
1st

TOTAL

1681100

6532706

8213806

Colour

Fig. 9.7 - County distribution in frequency classes
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These data are plotted into a map (fig. 9.8) to represent the livestock density in
Ireland. Darker colours indicate areas with higher livestock density. They are the most
suitable areas for biogas plants.

BIh
9lh
IfflU

150001
28C001
41011
540X1
670X1
800X1
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1060X1
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tlOXX
irXXO

129999
129999
129999
129999
129999
129999
129999
129999
129999

B
10
2
1
0
0
U
0
1

Fig 9.8 - IJvestock Density Map
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9.6.3 Opportunities: Slaughterhouses Density'

The number of abattoirs is mapped (tig 9.9) in the format . // where:
/B

A = number of IPPC licensed abattoirs in the county
B = number of local abattoirs in the county
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Fig. 9.9 - Slaughterhouses density map

142

9.7 Final considerations
The specific location of biogas plants have to take into account the distance between
the plant site and the farms / abattoir providing the feedstock. According to [87] high dry
matter feedstocks (> 70%) may be transported from within a 40 km radius of the site
whereas low DM feedstocks (<10%) like typically slurries can be transported from within a
10 km radius of the site.
F urthermore, as road construction is expensive, it is essential to build as close as
possible to major roads. Only sites within a 1 km corridor of a major road are considered
acceptable. In addition, proximity to major road junctions is also considered desirable, as
travelling time, rather than distance, is important. This would allow access to a much larger
resource base [87].
"fhe livestock density map and the slaughterhouses density map are the final outputs
of the location model: they allow to highlight areas where biogas projects can be profitable.
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Chapter 10 - Conclusions

10.1 Conclusions and Recommendations
This study investigated the quantities of animal wastes produeed in Ireland: in 2005
Ireland had over 8 millions animals (cattle and pigs) and the annual slaughter accounted for
over 4.2 million of these creatures. These animals have been responsible for the production
of about 86 million tons of excreta per annum, whereas the abattoir industry produced more
than 750,000 tons of carcasses per annum.
This study showed the potential treatment of these wastes using Anaerobic
Digestion Technologies through the literature review and the software modeling: from I ton
of cattle slurry it is possible to produce about 21 Nnv of biogas whereas from 1 ton of pig
slurry it is possible to produce about 24 Nm’ of biogas. Carcasses have a higher energy
potential with a specific biogas yield of about 168 Nnp of biogas per ton of waste.
The livestock density map and the slaughterhouses density map are the two main
outputs produced from the Decision Support Software.
It is possible to indicate areas with high potential for biogas plants investments in
Ireland. Cork County exhibits the highest concentration of livestock (1,319,874) matched
with the highest number or slaughterhouses (5 IPPC licensed abattoirs and 60 local
abattoirs). Other counties like Cavan (595416), Limerick (438867) and Galway (426387)
show high livestock numbers. Tipperary (5) and Roscommon (3) exhibit the highest
number of IPPC licensed activities (other than in Cork), whereas Tippearary (34), Galway
(31) and Mayo (31) have the highest number of local abattoir.
These areas are the most valuable for a further detailed feasibility study regarding
the development of Anaerobic Digestion plants in Ireland.

10.2 Model application - Cork
Cork County is the most valuable area for AD plants development in Ireland: 5
abattoirs out of a total of 60 have the IPPC license (Table 10.1).
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Abattoir

Location

Beef Killed

Estimated waste

(2005)

produced (t/y)

Chaiieville f oods

Ardnageehy, Charleville

60506

27431.78

Breeo Foods Limited

Cahir Hill, Mitchelstown

(not available)

3447.67

Fair Oaks

Knockgriffm, Midleton

54991

21800.80

.AIBP Limited Bandon

Kilbrogan, Bandon

58245

13905.12

Kepak Cork

Condonstovvn, Watergiasshill

51539

42572.93

Table 10.1 - available data from Cork IPPC licensed slaughter louses

Other than for '‘Breeo Foods Limited'’ (not available data for this slaughterhouse),
an overview of the potential feedstock from the other slaughterhouses is reported in tables
10.2 - 10.3 - 10.4 and 10.5 (abattoirs with not available data are not reported). The distance
taken into account is an area of radius of about 40 Km, namely 25 miles; a profitable
Anaerobic Digestion plant would be located close to those IPPC licensed abattoirs and
would receive feedstock (carcasses) from other local abattoirs available within that
distance. The free web software Google Earth is used to estimate all the distances. The
following data are available in the ‘'’ABATTOIR Ireland” file of the DSS.
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Abattoir / Owner

Location

Distance

Feedstock available per year

(Km)

(data 2005)

Charleville Foods

Charleville

0

-) 60506 beef killed

Mr. Michael Hehir

Charleville

.3

-) 67 beef killed
-) 462 sheep killed

Mr. Malachy O'Sullivan

Charleville

-) 152 beef killed
-) 764 sheep killed

Mr. Michael O'Keeffe

Doneraile

23

-) 93 beef killed
-) 271 sheep killed

Mr. John McCarthy

Kant LIrk

31

-) 1 beef killed
-) 12 sheep killed

Mr. Con Cronin

Kanturk

31

-) 110 beef killed
-) 9 pigs killed
-) 551 sheep killed

Mr. Timothy D. Cronin

Newmarket

30

-) 137 beef killed
-) 643 sheep killed

Mr. Bdmund O'Connor

Feenagh

17

(Limerick)
Mr. fadgh O'Keeffe

Kilfmane

-) 1391 sheep killed
20

(Limerick)
Mr. Denis O'Sullivan

Kilmallock

-) 298 beef killed

-) 54 beef killed
-) 324 sheep killed

9

-) 100 beef killed

(Limerick)

-) 59 pigs killed
-) 415 sheep killed

Mr. John Bourke

Newcastle West

37

(Limerick)
Total feedstock for
Charleville area

-) 808 beef killed
-) 3112 sheep killed

• Sit

-) 62326 beef killed/vr

^

-j 7945 sheep killed

fable 10.2 - Potential available feedstock from all the slaughterhouses within a distance of
40 Km from the abattoir located in Charleville (data 2005, missing data not included)
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Abattoir / Owner

l.ocation

Distance

Feedstock available per year

(Km)

(data 2005)

Kepak Cork

Watergrasshill

0

-) 51539 beef killed

Mr. Eddie Fitzgerald

Castlelyons

20

-) 397 beef killed
-) 215 pigs killed
-) 6209 sheep killed

Mr. Michael Spillane

Fernioy

18

-) 248 beef killed
-) 915 pigs killed

Mr. Patrick

Whitechurch

22

-) 266 beef killed

McSweeney

-) 1167 sheep killed

Total feedstock for

-) 52450 beef killed/y

Wat^^asshill area '*

-) 7376 sheep killed

n

—) 1130 pigs killed
4’able 10.3 - Potential available feedstock from all the slaughterhouses within a distance of
40 Km from the abattoir located in Watergrasshill (data 2005, missing data not included)

Abattoir / Owner

Location

Distance

Feedstock available per year

(Km)

(data 2005)

Fair Oaks

Midleton

0

-) 54991 beef killed/y

Mr. Michael Bresnan

Carrigaline

30

-) 594 beef killed
-) 2494 sheep killed

Mr. Edmond Clifford

Castlemartyr

10

-) 96 beef killed
-) 3 pigs killed

-) 581 sheep killed
Mr. William F. Murphy

Midleton

2

-) 207 beef killed
-) 73 pigs killed
-) 862 sheep killed

Total

feedstock

"Midlefon are^T

for

-) 55888 beef killed
’*) 3937'sheef knied
>) 76 pigs killed

Table 10.4 - [Potential available feedstoek from all the slaughterhouses within a distanee of
40 Km from the abattoir located in Midleton (data 2005, missing data not included)
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Abattoir / Owner

[vocation

Distance

Feedstock available per year

(Km)

(data 2005)

AlBt^ Limited Bandon

Bandon

0

-) 58245 beef killed/y

Mr Christoir O'Crualaoi

Ballincollig

26

-) 1551 beef killed
-) 569 pigs killed
-) 11780 sheep killed

Mr. Jeremiah John

Bandon

7

McCarthy

-) 700 beef killed
-) 46 pigs killed
-) 756 sheep killed

Mr Michael J. O' Neill

Clonakilty

23

-) 199 beef killed
-) 4 sheep killed

Mr. John McCarthy

Drimoleague

40

-) 93 beef killed
-) 73 pigs killed
-) 418 sheep killed

Dunmanway

James & Patrick J.

28

-) 360 beef killed
-) 168 pigs killed

Collins

-) 1221 sheep killed
Mr. William Anthony

Innishannon

8

-) 97 beef killed
-) 250 sheep killed

Jordan
Mr. Daniel Lordan

Kinsale

20

-) 679 beef killed
-) 931 pigs killed
-) 2185 sheep killed

Total ® feedstock
Bandon area

for

^7) 61924 beef killed
, -) 20551 sheep killed
'^1787piJ Wiled^

Table 10.5 - Potential available feedstock from all the slaughterhouses within a distance of
40 Km from the abattoir located in Bandon (data 2005, missing data not included)

Other feedstock to be considered is the slurry produced in the farms. A distance of
10 Km from the location of the slaughterhouses is considered. The free web software
Google Earth is used to estimate all the distances and the results are reported in the tables
10.6 - 10.7 - 10.8 and 10.9. Data reported are tilled according to the availability of data in
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the “‘UVES rOCK Ireland'’ xls file which is part of the DSS. In the first column the name
of the village or DED (District Electoral Division) or the owner of the farm is quoted: in
this case the IPPC license code is reported in brackets.

Farms potentially providing with slurry the area of Charleville (data 2005)
farm / Village / District Electoral Divison
l^romina

Distance (Km)

Potential feedstock

10

3462 cattle

fable 10.6 - Potential available feedstock from famis within a distance of 10 Km from the
abattoir located in Charleville (data 2005, missing data not included)

Farms potentially providing with slurry the area of Watergrasshill (data 2005)
Farm / Village / District Electoral Divison

Distance (Km)

Potential feedstock

Messrs Jack and David Ronan (P0315-01)

9

7640 pigs

Glenvilic

9

2438 cattle

Watergrasshill

I

5004 cattle

fable 10.7 — Potential available feedstock from famis within a distance of 10 Km from the
abattoir located in Watergrasshill (data 2005, missing data not included)

Farms potentially providing with slurry the area of Midleton (data 2005)
Farm / Village / District Electoral Divison

Distance (Km)

Potential feedstock

Mr James OBrien (P0316-01)

7

9562 pigs

Carrigtohill

7

5648 cattle

Castlemartyr

10

2936 cattle

Cloyne

9

2556 cattle

Dungoumey

10

4348 cattle

Eisgoold

9.5

3111 cattle

Midleton

1

3908 cattle

Mogeely

10

1605 cattle

Rostellan

10

2289 cattle

Table 10.8 - Potential available feedstock from farms within a distance of 10 Km from the
abattoir located in Midleton (data 2005, missing data not included)
Farms potentially providing with slurry the area of Bandon (data 2005)
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Distance (Km)

Potential feedstock

Oldpark Pigs Limited (P0661-01)

10

7195 pigs

Bally murphy

10

3506 cattle

Baurleigh

5

2819 cattle

Innishannon

8

3323 cattle

Kilbrogan

2

6323 cattle

Knockavilly

10

2400 cattle

Templemailin

10

5814 cattle

Kilpratick

5

2186 cattle

harm / Village / District Ulectoral Divison

Table 10.9 - Potential available feedstock from farms within a distance of 10 Km from the
abattoir located in Bandon (data 2005, missing data not included)

Using data from the DSS it is possible to depict the huge potential for each of the
analyzed area, as summarized in the following table 10.10.
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fable 10.10 - Prospect of global potential feedstocks available for Anaerobic Digestors
located in proximity of large slaughterhouse plants in Cork County (data 2005)
Area / plant
Charleville

Watergrasshill

Midleton

Bandon

Kind of feedstock

Quantity

E3eef Killed

65326

Sheep Killed

7945

Pigs Killed

68

livestock (Cattle)

3462

Livestock (Pigs)

-

Beef Killed

52450

Sheep Killed

7376

Pigs Killed

1130

Livestock (Cattle)

7352

Livestock (Pigs)

7640

Beef Killed

55888

Sheep Killed

3937

Pigs Killed

76

Livestock (Cattle)

26401

Livestock (Pigs)

9562

l^eef Killed

61924

Sheep Killed

20551

Pigs Killed

1787

Livestock (Cattle)

26371

Livestock (Pigs)

7195

In the following table 10.11 the potential production of biogas and methane is
estimated for each area. The specific coefficient of 35 Kg of slurry / day is used for the
cattle whereas the same coefficient for pigs is 4. All the other coefficients are the same
explained in the previous chapters. The ‘‘potential analysis modeK file of the Decision
Support System is used to elaborate these data.
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fable 10.11 - Prospect of potential biogas production in each selected area from animal
feedstock (sluiTy and carcasses - data 2005)
Area / plant
Charleville

feedstock

Potential Biogas [Nm^/y]

Beef Killed-65326

3,571,699

Sheep Killed - 7945

27,216

Pigs Killed - 68
Livestock (Cattle) - 3462
Livestock (Pigs) - 0

889
284,710
0

Total quantity of Biogas in Charleville selected area

3,884,514

Watcrgrasshill

Beef Killed-52450

2,867,703

Sheep Killed-7376

25,267

Pigs Killed - 1130

14,778

Livestock (Cattle) - 7352

604,619

livestock (Pigs) — 7640

240,935

Total quantity of Biogas in Watcrgrasshill selected area

3,753,302

Midleton

Beef Killed-55888

3,055,676

Sheep Killed - 3937

13,486

Pigs Killed - 76
Livestock (Cattle) - 26401
Livestock (Pigs) - 9562

993
2,171,185
301,547

Total quantity of Biogas in Midleton selected area

5,542,887

Bandon

Beef Killed-61924

3,385,694

Sheep Killed - 20551

70,400

Pigs Killed - 1787

23,370

Livestock (Cattle) - 26371
Livestock (Pigs) - 7195
Total quantity of Biogas in Bandon selected area

2,168,717
226,901
5,875,082

To use the last part of the DSS, the ‘"eeonomic analysis model”, data regarding the
biomass treated are required. It is possible to estimate these values from the same potential
analysis model of the DSS. They are displayed in the table 10.12.
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fable 10.12 - Estimation of biomass treated in the selected area according to the data
available in the DSS and the elaboration of the ''potential analysis model” (data 2005)
Area / plant
Charleville

feedstock
Beef Killed-65326

21,166

Sheep Killed - 7945

161,3

Pigs Killed - 68
Livestock (Cattle) - 3462
Livestock (Pigs) - 0
Total biomass treated in Charleville selected area
Watcrgrasshill

13,135
0
34,467.6
16,994

Sheep Killed - 7376

149.8

Pigs Killed - 1130

87.6

Livestock (Cattle) - 7352

27,895

Livestock (Pigs) - 7640

10,038
55,164.4

Beef Killed-55888

18,108

Sheep Killed-3937

80

Pigs Killed — 76

5.9

Livestock (Cattle) - 26401

100,170

Livestock (Pigs) - 9562

12,564.5

Total biomass treated in Midleton selected area
Bandon

5.3

Beef Killed-52450

Total biomass treated in Watergrasshill selected area
Midleton

Biomass treated [t/yj

130,928.4

Beef Killed-61924

20,063

Sheep Killed - 20551

417.2

Pigs Killed - 1787

138.5

Livestock (Cattle) - 26371
Livestock (Pigs) - 7195
Total biomass treated in Bandon selected area

100,056.2
9,454.2
130,129.2

By using these data the economic analysis model allows the estimation of capital
and running costs. The results of this application are contained in the table 10.13. Values of
biomass treated are appro.ximated to be used as input in the DS. All costs are updated to the
year 2007 by using an average inflation rate of 3.5%.
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Table 10.13 - Estimation of capital and running costs for Anaerobic Digestion plants in the
selected area according to the data and formula available in the DSS and the elaboration of
the '■'economic analysis model”
(data DSS 2000 - costs data updated to 2007 by an inflation average rate of 3.5%)
Biomass treated (t/y)

Capital costs (€)

Running costs (€/y)

Charleville

34,468

4,028,877

718,300

Watergrasshill

55,165

5,308,042

1,020,510

Midleton

130,929

8,810,795

1,945,842

Bandon

130,130

8,779,231

1,936,969

Area / plant

Methane production requires scrubbing operations and the relative upgrading costs
are estimated with the economic analysis model and reported in the table 10.14. Biogas is
considered 60% composed by methane.

fable 10.14 - Estimation of scrubbing costs for methane production in the selected area
according to the data and formula available in the DSS and the elaboration of the
“economic analysis model”
Potential Biogas

Potential Methane

Upgrading costs

[Nm^/yl

[Nm^/y]

(€/y)

Charleville

3,884,514

2,330,708

854,593

Watergrasshill

3,753,302

2,251,981

825,726

Midleton

5,542,887

3,325,732

1,219,435

Bandon

5,875,082

3,525,049

1,292,518

Area / plant

The economic analysis model estimates the incomes generated from methane and
digestate sales; the values worked out are reported in the next table 10.15.
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fable 10.15 - Estimation of incomes from methane and digestate sale in the selected area
according to the data and formula available in the DSS and the elaboration of the
"economic analysis model”
Area / plant

Charleville

Watergrasshill

Midleton

Bandon

Methane sold [Nm^j

2,214,173

2,139,382

3,159,446

3,348,797

Income (€/y )

2,169,890

2,096,594

3,096,257

3,281,82!

1723

2758

6546

6507

25,851

41,374

98,197

97,598

2,195,741

2,137,968

3,194,453

3,379,418

Digestate sold [m \]
Income (€/y)
Total income (€/y)

In this application gate fees and financial grants and loans are not calculated
because they depend on the identification of local industries treating their organic wastes in
the anaerobic digestion plant (gate fees) and from national policy issues. Nevertheless is
possible to report an overview of main costs and incomes for the analysed areas (Table
10.16).
fable 10.16 - Estimation of main costs and incomes in the selected areas according to the
elaboration of the "economic analysis model” of the DSS
Charleville

Watergrasshill

Midleton

Bandon

Biomass treated (t/y)

34,468

55,165

130,929

130,130

Methane sold [Nm^]

2,214,173

2,139,382

3,159,446

3,348,797

Capital costs (€)

4,028,877

5,308,042

8,810,795

8,779,231

Running costs (€/y)

718,300

1,020,510

1,945,842

1,936,969

Upgrading costs (€/y)

854,593

825,726

1,219,435

1,292,518

Total operative costs (€/y)

1,572,893

1,846,236

3,165,277

3,229,487

Total income (€/y)

2,195,741

2,137,968

3,194,453

3,379,418

622,848

291,732

29,176

149,931

Area / plant

A (incomes - costs) (€/y)

Although the monetary cash flow is positive, it is definitely not enough to repay the
investments for the plant. The monetary Net Present Value results to be negative, but the
introduction of small percentages of industrial wastes (in the order of 5-10% of the total
biomass treated) will easily make it positive.
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A whole evaluation of the project takes into account the environmental externalities,
fhey are reported for the selected areas in the table 10.17.

Table 10.17 - Estimation of socio-environmental externalities associated to Anaerobic
Digestion process developed in the selected areas according to the elaboration of the
"‘economic analysis model” of the DSS
Area / plant

Biomass treated (t/y)

A (incomes - costs)

Estimated

(€/y)

externalities (€/y)

Charleville

34,468

622,848

172,340

Watergrasshill

55,165

291,732

275,825

Midleton

130,929

29,176

654,645

Bandon

130,130

149,931

650,650

1 his final part of the economic analysis model points out the highly positive impact
of Anaerobic Digestion plants from the social-environmental point of view. This benefit is
not perceived by the plant management company in terms of financial incomes. Part of it is
given by agricultural externalities but it is mainly represented by environmental
externalities, fhis aspect justifies the financial support received from institutional budgets.
The application of the Decision Support System to the County of Cork allowed to
identify sites particularly viable for Anaerobic Digestion plant developments. It showed the
high energy potential of certain areas and depicted technical - economic data of the
possible industrial facilities.
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